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ABSTRACT

“’ﬁ‘hree EOR processes were evaluated for potehtial application in the
Shannon reservoir at Naval Petroleum Reserve No. 3, in the Teapot Dome
Oilfield near Casper, Wyoming. This reservoir is estimated to have
originally held 180 million barrels of oil, of which only 8 million barrels are
recoverable by primary means. Simplified computer models were used to
predict the performance of in-situ combustion, polymer flooding, and steam
flooding. Economic analyses were done on the results of these predictions
and sensitivity studies were performed for various physical and economic
parameters.

This report provides a foundation of information, offers a tempiate
for eco_pomic decisions, and makes preliminary recommendations based on
performance predictions. Before field-wide application of any project is
undertaken, a better characterization of the reservoir must be accomplished,
and pilot projects evaluated. However, this analysis suggests that the most
favorable application in the Shannon Sandstone is polymer flooding operated
on 2.5-acre spacing. This technique is predicted to give a net present value
of $5.43 million per 10-acre unit with a present value ratio of 9.4 for its
four year economic life.
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Table 2.2 Results of Preliminary EQR Screen
{Core Labs, Dec. 1976).

Ranking Process
! Folyrmer Floading
2 Steam Flooding
3 Micellar/Palymer Flooding
4 In-Situ Combustion

Subsequent to the screening process, a reservoir model based on an
areal grid of 352 blocks was used to predict the performance of the candidate
technologies [Core Labs (Jul. 1979)]. Core Labs found that water flooding,
polymer- flooding, in-situ combustion, and micellar flooding held the most
promise’ for the Shannon formation, while steamflooding was ruled out as a
candidate. Although core floods had shown average residual oil to steam
(Sors) Of 12%, it was predicted that fuel oil requirements for steam
generation would be greater than actual oil production. Estimates were that
~ first year production would be approximately 18 Mbb1 of oil, requiring the use
of a 10MMBtu/hr steam generator. Core Labs stated that fuel oil use would be
70 BOPD or over 25 Mbbl/yr under these conditions. Reproducing the
production prediction was not possible since anticipated injection rates were
not reported. However, in applying a heuristic given by Miller (1984), it was

found that the fuel oil requirement would be about 50 BOPD, or just over 18

Mbbl/yr were the generator operating at peak capacity at ail times. This
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evaluation. Results are at best inconclusive, and portions of the work done to
date are poorly documented and of questionable quality.

in 1977, DOE employed SSC to evaluate the Shannon for potential
production improvements. With the use of a three-dimensional model,
oil-in-place calculations were done, fluid and reservoir properties evaluated,
and recommendations were made. SSC reported that based on data gathered
from well logs and U. S. Geologic Survey maps, the Shannon formation
contained approximately 180 MMbbI of ofl, and that primary production wouid
be limited to about 5% of the total. They further recommended 10-acre well
spacing as well as additional studies for possible EOR applications. tt should
be noted that the material balance approach apparently taken by SSC to
quantify the amount of ofl in place may not be valid for a reservoir as
heterogé’neous as the Shannon. However, subsequent calculations performed
by Core Labs were Mthin a fraction of a per cent of the original SSC findings.

Following the analysis performed by SSC, DOE awarded a contract to
Core Labs in 1978 to "determine the most suitable engineering and economic
enhanced o011 recovery method which would merit a pilot test and ultimately
lead to a full scale field application” [Core Labs (Sept. 1978)]. The first step
in the evaluation process for Core Labs was to conduct a preliminary screen
of potential EOR methods. Based on criteria published by Geffen (1973), Lewin

and Associates (1976), and the Gulf Universities Research Consortium (1973),
Core Labs ranked four EOR processes as shown in Table 2.2.




Total primary recovery from the Shannon is projected to be only 8 MMbb1 [DOE

(Aug. 1983)] No previous attempts at field-wide EOR projects have been
attempted. However, a waterfiood performed in the adjacent East Teapot
field portion of the same reservoir resulted in breakthrough occurring in
offset wells in a matter or weeks. No further attempts have been made to use
a waterflood in the formation.

The vast amount of oll that will remain unrecovered after primary
production motivated DOE to begin evaluating EOR potential for the Shannon
formation in 1977. Based on the recommendatons of consultants, pilot
projects were initiated in 1979-1980for the evaluation of polymer-improved
waterflooding and in-situ combustion. The processes of steamfiooding and
horizontal driiling are also currently under consideration for pilot testing.
To date, considerable resources have been expended toward the goal of
economically improVing oil recovery from the Shannon. Since the initiationof
pilot projects in 1979, EOR evaluation efforts have produced a net loss of
approximately $11million [DOE (Aug. 1984)]

Due to the high costs that usually follow the decision to undertake
an EOR process, a significant amount of effort is usually expended to improve
the accuracy of performance predictions. This has been the case thusfar for
the Shannon formation, as a number of studies, as well as studies of the
studies, have been conducted. Analysis of the Shannon for possible EOR

application began in 1977 and has progressed through various stages of
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as listed by Core Labs range from 48% to 59% in Pool No. 2. However, they
also list extremely high irreducible water saturations of 46 to 58%, even
though the sandstone is believed to be water-wet. For this report, an
irreducible water saturation of 40% is assumed to be more realistic.

il
d- Z "Pool #2"

LL] 2 ; / InSSC's
Gl sty 3- [ Madel
R4 \’\ ”

Fig. 25 A map showing the portion of the Shannon formation
considered in this report. SSC modelled the reservoir as eight
"pools”. Pool No. 2 contains 110 MMbbl of oil out of total
Shannon oil of 180 MMbb!1.

2.3 Previous Predictions
The Shannon formation is a two-bench shaley sandstone reservoir

which is essentially fully developed on ten acre spacing with approximately
400 wells. It is estimated to have originally contained 180 million barrels
(MMbb1) of oil, of which approximately 5.5 MMbbl have been recovered to date.
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The Shannon formation is a shallow, low-pressure reservoir
300-700 feet in depth. Considering the two benches together, the Shannon
formation in Pool No. 2 has a gross thickness of approximately 97 feet, with
net pay thickness averaging 76 feet. It has an average porosity of about 20%,
and its permeability ranges from 0.1 to 1000 md. Both Curry (1977)and the
DOE (1983)report an average permeability of 200 md. However, Core Labs has
reported an average air permeability of 63.3 md [Core Labs (Oct. 1978)]and a
Dykstra-Parsons permeability variation [as described by Caudle (1968)] of
0.90. Although not apparent from reports by Core Labs, it is assumed that the
values were for the entire field The value of 200 md was more
representative of Pool no. 2, as was a more conservative Dykstra-Parsons
coefficient of 0.8. Where appropriate in this report, sensitivity analysis is
performéd on permeability variation According to a report by
Lawrence-Allison and Associates, wWest (LAW) (1984), DOE's prime contractor
at NPR-3, there is no discontinuity in the Shannon formation within NPR-3
boundaries. They further state that there is probably no intercommunication
between the two benches.

The Shannon formation has an oil saturation which ranges between
40 and 51%, averaging 45%. Average gas saturation is 3%, and the solution
gas-oil ratio ts approximately 32 SCF/STB. The oll is relatively light with
API| gravities measured from 29°AP! to 34°APIl. 0il viscosity is between 7
and 20 cp, averaging 10 cp. Formation water is relatively fresh with an

average of 13000ppm TDS and hardness of 300 ppm Ca/Mg. Water saturations
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and other parameters. This does not miean that these parameters “exist as

singular values but rather these properties may be described in terms of
field-wide trends or possibly as average properties belonging to a particular
“zone~ of the reservoir. The reservoir study of the Shannon sandstone at the
Hartzog Draw field, just north of NPR-3, 1s an example of such a description.
In this study, Hearns, et al. (1984) mapped "reservoir flow units™ for the
Shannon formation in order to "..more precisely describe variations in rock
properties that control fluid flow." Such a comprehensive study has not been
accomplished to date at NPR-3. However, much data is available with which
to describe at least average properties of the Shannon reservoir.

Table 2.1 summarizes the physical properties of the Shannon
formation, listing average values taken primarily from recent work done by
Scientific Software Corporation (SSC) (1977), and Core Laboratories, Inc.
(Core Labs) (1978, 1979) for the DOE at NPR-3. In the course of their work,
SSC characterized the Shannon using a three-dimensional model made up of
efght “pools”. Core Labs continued to use this model as a tool as they
collected numerous data on the Shannon formation. While many NPR-3
documents refer to average properties of the Shannon considering all eight
pools, this report uses average properties for the area that SSC designated as
"Pool 2%, which is shown in Fig. 25. This area was chosen as being
representative of the portions of the formation which would potentially be
exploited for EOR, since it has an estimated 110MMbbI (out of the estimated
180 MMob1 total) of oil in place, and has generally more favorable properties

than do the other areas.
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area was subjected to tectonic stresses -which formed the anticlinal
structure which, in part, exists today at NPR-3. This anticline is the same
structure upon which the mammoth Salt Creek field fs situated. Tensional
stresses placed on the structure as beds were stretched along the anticlinal
axis induced faulting and fracturing, adding to the complexity of the
reservoir.

Elg. 24 A map of NPR-3 showing the general areal extent of
the Shannon formation. Note that the eastern portion of the
reservoir extends into the adjacent East Teapot field.

2.2.2 Physical Properties
While awareness of deposition and diagenesis can give a qualitative
understanding of reservoir behavior, it is necessary to accurately define its

character in terms of permeability, porosity, bed thickness, fluid saturations,
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environment. Consequently, the Shannon 1s typically composed of two similar
sand sequences, or benches, separated by a silty shale. Spearing describes
these two facies as an upper sequence which is a cross-bedded sandstone, and
a lower sequence which is a2 thin-bedded sandstone. With progradation, the
sand bars were encased in organic-rich marine shale which acted as both a
source rock and seal, forming a stratigraphic trap.

Neither of the two sand benches is homogeneous or isotropic.
Spearing describes the lower thin-bedded sandstone facies as containing
individual sand beds which are 2-50 cm thick, rippled and burrowed, and
separated from each other by thin suspension clay layers. These layers may
be a few millimeters or several centimeters thick. in places, this facies is
broken by cross-stratified sand beds containing clay chips and rounded clay
Clasts. ;'~Spearing states that the upper cross-bedded facies is capped by

A B A N B Wt Weh Vs A A R e e Saa L 0% B W W - v i o TrTeLaYLRL R v PRt Al s ah s oh g el el G S Dd AR

burrowed, glauconitic cross-stratified beds containing clay clasts up to 8 cm

in diameter. The individual sand beds are 5-65 cm thick and commonly
separated by clay streaks. Three cross-bed types, a low-angle cross-bed, a
tabular cross-bed, and a trough cross-bed, respectively, occur in vertical
succession. Sandy patches are also present, which are separated from other
sands by muddy areas.

As previously discussed and shown in Fig. 2.2, the Shannon formation
Is encased in the Steele Shale, which was its source rock and seal. Figure 2.4
illustrates the areal extent of the Shannon formation at NPR-3. After
deposition and the progradation which covered the Cretaceous seaway, the

LI I LI IR
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L
Cretaceous * .
Interior .
Seaway l ‘* Shannon
Sand Bars

13

Sandbars ;:0)
..'...:.':.'- . .:\(5

i
4 : Shelf E S\ope‘

Offshore Bar

Fig. 23 A reconstruction of the environment present when the
Shannon formation was deposited in late Cretaceous time. Sand
ridges migrated in a southerly direction and built upon one
another. The progradational marine shales which made up shelf
deposits were both source rock and seal [after Spearing (1976)].
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2.2 Reservoir Description N

{ An understanding of deposition, diagenesis, and the resulting
o

physical properties of a reservoir and Its fluids is necessary when ofl

< o .

; |;::: production is being evaluated or future performance is being predicted. Most
- reservoir engineering computations are based to some extent on assumptions
[;‘ and/or approximations. How valid these are often can only be ascertained

with an appreciation for the character of a reservoir, such as its bedding
characteristics, fauit planes, or areal variatfons in fluid properties.
E Therefore, it was felt to be useful to characterize the Shannon from the
standpoint of geology and physical properties.

2.2.1 Geology .

The Shannon formation was deposited in 1ate Cretaceous time as an
offshore-bar on the western flank of the Cretaceous interior seaway. Figure
2.3 is a reconstruction of the Cretaceous environment, showing that the sand

g !‘ bodies were "situated at the top of a progradational shelf sequence composed
mainly of offshore mud deposits” [Spearing (1976)). Parker (1960)states that

. l Shannon sands were deposited 50-200 miles from shore. Boyles and Scott
- i (1982) suggest that water depths were 200-400 feet. Sand ridges migrated
Y southward as discrete bodies in response to storm waves and oceanic or tidal

!‘ currents, causing layer upon layer of sand sheets to build up. Spearing

. proposes that this was analogous to present-day “sand ribbons™ in the North
Sea. During fair weather, shale laminae were formed between sand sheets as
suspension clays were deposited. As sand bodies built vertically, bed forms
"" changed from rippies to sand waves and cross beds, due to the higher-energy




Classified as a stripper field, NPR-3-generates revenues of over $35
million per year, while operating on an annual budget of nearly $22 million,
resulting in an approximate annual net cash flow to the U. S. Treasury of $12
million. Presently, NPR-3 produces approximately 1.1MMbb1 of oil annually at
a rate of over 3000 barrels of oil per day (BOPD) from its 10 producing
formations. Oil and natural gas produced from NPR-3 is sold on the open
market. No state, local, or federal taxes are levied on the production. Figure
2.2 is a partial depiction of the geologic column at NPR-3 which shows the
relative positions of the producing formations. The richest and most
productive zones are the Shannon and the Second wall Creek formations, both
of which yield approximately 1000BOPD.

. Steele Shale

“Hiobrara Shale

o { 2nd & 3rd Wall Creek
= Sandstones

A {Mudd y, Dakota, Lakotas and
’ Meorrison Sandstones

{ Tensleep Sandstone

Fig. 22 A simple cross-sectional view of the producing
formations at NPR-3. The shallowest wells are completed
in the Shannon at an average depth of 550 feet, while the
average depth of a Tensleep well is 5500 feet.
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" Tapie 2! Physical Properties of‘ the Shennon Formastion
A
(:'t Reservoir Properties
: Producing Formation Shannon Sandstone
l_E; Average Depth, 1t S50
00IP, MMbbI 180
E Average Temperature, °F 65
&~ Average Pressure, psis 70
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2. BACKGROUND

2.1 Field History

NPR-3, located as shown ii, F‘.g-. 2.|,"\;a‘s established in 1915in the
Teapot Dome oil field by an executive order from President Wilson, in order to
provide the Navy a source of fuel as ships were converted from coal to
petroleum power. After transfer of administration of the NPR's to the
Department of Interior, and the subsequent Teapot Dome Scandal, NPR-3 was
shut in from 1927 to 1958. At that time, it was re-activated to protect
against drainage by adjacent operators. Full-scale oilf ield operations began
when in response to the Arab oil embargo, Congress passed the Production Act
of 1976, which gbanted the Department of Energy (DOE) authority to produce
oil from the NPR's at the "maximum efficent rate".

Natrons -LL

County NPR-3 { L
Casper ‘-|_1

WYOMING i
1
Fig 2.1. Location of Naval Petroieum Reserve No. 3.
14
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1. INTRODUCTION

The purpose of this report is to evaluate and compare the potential
for each of three enhanced oil recovery (EOR) processes in the Shannon
formation at Naval Petroleum Reserve No. 3 (NPR-3), located on the
southwestern margin of the Powder River basin in Wyoming. EOR is receiving
significant emphasis in many reservoirs as conventional methods are
becoming unfruitful. Such is the case at NPR-3 where the Shannon formation
is estimated to have originally contained 180million barrels of oil (MMbbl), of
which 5.5 MMbb] have been produced to date and only a total of 8 MMbbl are
predicted to be recoverable by conventional means. The Department of Energy
(DOE) operates NPR-3 and is currently evaluating various EOR applications as
well as conducting two pilot tests.

.""Nost applications are high in cost and technically complex, requiring
the analysis of many physical and economic factors before a decision is made
as to whether or not to proceed with a particular technology. In order to
adequately determine the effect of these many factors, it is often necessary
to predict the performance of a process under varying physical and economic
conditions. To accomplish this for the Shannon formation, computer models
developed at The University of Texas at Austin were used to predict the
performance of in-situ combustion, polymer flooding and steam flooding.

Economic analyses were performed through the use of 2 microcomputer

spreadsheet model.
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would still be unfavorable assuming the prediction of 18 Mbb1 of oil produced
in the first year was valid, but not nearly as much as reported by Core Labs.

E3 Present worth, MM§
g OIP Recovered, BO0IP

¥aterflood Polymer Flood Fire Flood Micellar Flood

Fig. 26. Results of the preliminary performance predictions
made by Core Labs for EOR projects in the Shannon formation.
Note that Steamflooding was not included [Core Labs (July
1979)).

Figure 2.6 gives predicted recoveries as per cent of oil-in-place and
predicted “present worth", using 3 10% discount rate and 1979 dollars. These
results are based on developing 320 acres with 5-acre S5-spot patterns and
project lives of approximately 30 years. As can be seen from Fig. 2.6, the
most attractive processes were in-situ combustion and polymer flooding.
However, the predicted results for all of the four processes appear to be
quite good. An unfortunate aspect of the work which was done is that there

are no apparent references to predictive methods employed. Additionally, the
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economic analysis could not be duplicated through the application of -methods
as given by Peters and Timmerhaus (1980)or van Rensburg (1984).

2.4 Pilot Projects

The predictions shown in Fig. 2.6 resulted in the initiation of two
pilot projects, one to test in-situ combustion, the other to evaluate polymer
flooding. Before field-wide application of a process, common practice is to
initiate a pilot project in which a small, but hopefully representative portion
of the reservoir is used for testing. Primary concern in a pilot is not
economic success, but technical viability. Inother words, "will it work7". It
should also be the source of many “lessons learned”, such as proper operating
procedures, material and equipment. selection, and optimum performance
parameters. After a sufficiently long pilot test, all factors may be analyzed
once agé’in before a decision for field-wide expansion is made.

For the Shannon formation, ptiot project nlanning and construction
began in 1980. In 1ate 1982 both the in-situ combustion and polymer flooding
pro jects» commenced. It is not the purpose of this report to evaluate pilot
project performance. But, it is noteworthy that the pilot projects at NPR-3
have been plagued from the beginning with “..many changes in technical
direction and thrust in the implementation of EOR on the Shannon as various
technical approaches (have proved) unsatisfactory" [DOE (Aug. 1984)]. Among
the things learned from the operation of the pilot projects have been
operating procedures, materials selection, and attainable injectivities. One

significant item found while operating the in-situ combustion pilot was that




combustion could not be sustained with air injection alone. The deciSion was

made to pre-heat the reservoir with steam injection. During the period of
steam injection, a steam drive was developed and significant increases in
production were measured. This renewed interest in steam flooding as a

possible application and has lead to consideration of pilot testing in 1985 or
1986.




3. PREDICTIVE MODELS

As in the case of the Shannon formation, large amounts of money,
time, and effort may be expended trying to determine the viability of EOR in a
particular reservoir. Extensive studies may be undertaken, often involving
the use of expensive, time-consuming three-dimensional reservoir computer
simulations in the hope of predicting performance. These models depict
reservoirs as a grid of "cells”, each typically on the order of 100 ft on each
side. For such models to be worthwhile, large amounts of data are required.
Analysis is often limited to a small number of situations due to the time and
expense involved. When such data is unavailable or unreliable, analysis may

more properly revert to simplified predictive methods.

. Examples of easily used hand calculation methods are those given by
Gates and Ramey (1980), Caudle (1968), and Vogel (1984) for in-situ
combustion, improved waterflooding, and steamflooding, respectively. Miller
(1984) argues that hand calculation methods may often be just as reliable as
the large computer simulations, particularly when data are scarce.

Miller further points out that the most significant value of
simplified predictive methods is in sensitivity analysis. Through sensitivity
analysis, "what if" questions may be asked regarding any parameter in order
to see the effect that it has on total process performance. Critical variables
may be identified for further study, such as the effect of reservoir

permeability heterogeneity or solution gas/oil ratio.

30
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However, even “simple” hand solution methods are time-consuming
and cumbersome if more than a few cases are to be examined. AlSo, some
variables may not be known and may need to be estimated from published
correlations.  Therefore, to better accomplish sensitivity analysis in
performance prediction, computer models which combine simplified
predictive methods and correlations for various properties are often used.
Based on energy and mass balances, these computer models provide a “middle
ground” between hand calculations and reservoir simulators. Many variables
may be quickly and easily tested for their effect on a particular process in 2
smali fraction of the time required for either hand calculations or reservoir
simulators. Following is a discussion of the three computer models developed
at The University of Texas at Austin which were used in this study.

3.1 In-Situ Combustion Predictive Model

':'.Genrich (1984)proposed a simplified linear frontal advance model to
"predict fluid production of forward, non-superwet in-situ combustion
processes.” By combining energy and mass balances, he modelled the process
as four homogeneous zones: a burned zone, a combustion zone, a steam zone,
and a cold zone. For each zone, compositions, saturations, and fractional
flows of three phases are calculated. Overlay calculations were included for
the steam zone and combustion zone to account for gravity override effects.

Figure 3.1 is a schematic illustration of the model.

Genrich's model successfully history-matched one actual project,
the Suplacu de Barcau field, and a combustion tube experiment. He indicates

that the model should give “order of magnitude estimates” of fluid production
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from an in-situ combustion project. He also recognized shortcomings of his
mode! with regard to pressure calculations and default parameters, and made
recommendations for further modifications. Additionally, no allowance was
made for permeability variation.

Burned Corqbustion  Stesm Cold Zone
Zong Zone Zone (Driginal Reservoir)

Eig_ 3.1  An fillustration of the four homogeneous zones
characterized in Genrich's (1984) in-situ combustion model.

_As far as can be ascertained, this report is the first published
application of Genrich's model beyond his original studies. Therefore, results
should be viewed in that light. Appendix 10.1.lcontains output representative
of the results obtained in this study, along with a sample listing of required
and optional input.

3.2 Polymer Flooding Model

Jones (1983) developed a predictive model for polymer flooding
which accounts for vertical heterogeneity and crossflow of fluids. The basic
premise of Jones' calculations is the conductivity ratio method for fluid
displacement given by Caudle (1968). Areal sweep correction factors are
applied to linear calculations in order to describe pattern flood performance.

Figure 3.2 gives the general concept employed by the model for the case of
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non-communicating layers. Jones' model allows the user to enter very limited
or very extensive information regarding formation properties. The model
also considers a large number of flow properties which as Jones states, are

"..usually..accounted for only in reservoir simulators”.

£

=
vy

pvesr] bors

Producer

#? A4

Fig. 3.2. Adiagram illustrating the approach taken by Jones in
simulating fluid flow in multiple layers. This simple case is
for five non-communicating layers of varying thickness.

Jones successfully history-matched the performance of two polymer
floods and showed that results agreed closely with those calculated by large
numerical simulator models. The model is limited primarily by the quality of
input data used, i.e,, whether or not the properties of multiple layers are
known. Additionally, it assumes lateral continuity of layers. As was done
with the in-situ combustion model, 2 sample computer output is given in
Appendix 10.1.2.
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Injecto

....................

r

Producer
* f
6
Cold water Hot Water Steam Condensate  Oil Original
Zone Zone Zone Bank Bank Reservoir

Eig 3.3 A diagram depicting the varfous zones across which
energy and mass balance equations are applied in Arima's
(1984) steam flooding model. Note that the oil bank may not be

formed, and the condensate bank also contains hot oil and
.- water.

3.3 Steamfiooding Model

The steamflood predictive model proposed by Arima (1984) is a
modification of that given by Aydelotte and Pope (1983). It applies energy and
mass balances to a linear system of six homogeneous zones as shown in Fig.
3.3, correcting for gravity override and radial flow by the use of a steam
overiay and an areal sweep efficiency, respectively. The steam overlay is
found by applying corrections for vertical sweep efficiency and fractional

flow, and areal sweep efficiency is taken from published correlations.

Arima provided an extensive suite of sensitivity analyses which were

in good agreement with actual field performance and performed a number of
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.l_ successful history matches for very different cases. One drawback to the
model, however, is that it does not account for permeability variation, and
therefore may predict too long a steam breakthrough time. Additionaily, the

model shows oscillating behavior late in project life.

Arima's model was being written and revised at the same time that the
predictions for this study were made. The final version of the model was used
for all predictions. When evaluating the results of this study it should be

noted that this is the first test of the model beyond Arima's work. Appendix

- 10.1.3contains a data template and sample output obtained from this predictive

3 model.
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4. PROBLEM STATEMENT

It is estimated that of the 180 MMbbl of oil originally contained in
the Snannon formation of NPR-3, only & MMbbl are recoverable by conventional
means. Therefore it is necessary to determine what form of improved oil
recovery wili be most advantageous in order to increase the ultimate
oroduction of oil from this reservoir, as well as cash flow to the US.

Treasury.

EOR processes have previously been evaluated for the Shannon
formation, and polymer flooding and in-situ combustion pilot projects have
been in operation for over two years. Another technique, steamflooding, is
2!so being considered. However, results of the pilot tests are inconclusive
and many guestions about the application of EOR in the reservoir still remain.
Thus, it Was felt that it would be vaiuable to predict the performance of these
th-ee processes considering the physical properties of the formation and its
fiuids. Since certain properties vary within the reservoir, or are not welt
known, not only would economic sensitivity analysis be necessary, but
sensitivity analysis for key physical parameters as well. This accomplished,
performance prediction will provide only an estimate of production. However,
a template for decision-making would be established, and tools with which to

lucge the relative effects of the physical phenomena involved in the processes

in question would be available.
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Although only three methods of EOR are under consideration, there is
the possibility tha2t some other process may be suited for the-Shannon
formetion. Therefore to make this analysis as comprehensive as possible, 2
sreiiminagry screening of EOR processes in general is appropriate. This would
se~ve to judge the relative merits of various EOR processes in the context of
success of simiiar projects in industry. 1t could also highlight processes

wrich should be considered for the Shannon formation.
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S. EOR SCREENING

In the six years since EOR methods were first screened for the
Shannon, oil prices have dramatically increased and more EOR technology has
been applied and evaluated, in general as well as in the pilot projects at
NPR-3. In some cases, screening criteria have become more liberal. It was
thus believed to be useful to re-evaluate the Shannon Sandstone for possible
EOR methods, based on the physical properties of the reservoir and its fluids.
This was done both to confirm the applicability of the evaiuations done by this
report, and to indicate any other methods which may be applied to the

Shannon.

Table 5.1 summarizes screening criteria used in this evaluation, and
lists prb'perties of the Shannon for reference. Unless otherwise noted, the
parameters are based on the screening guides published by Taber and Martin
(1983). Additions and changes are discussed herein. Processes were judged
to have either favorable, marginal, or unfavorable potential. The results of

the screen are given in Table 5.2 at the end of this chapter.

Before discussing EOR screening of the Shannon Sandstone, it is
important to recognize the limitations of such a “binary screen”, i.e. one in
which a reservoir or fiuvid property is matched against a preferred value for a

certain process. These “preferred values™ are obtained from laboratory

38
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Table S 1 Screening Criteria for Potential EOR Projects
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research and the results of actual field projects. Prats' (1978) statement
that "each reservoir must be evaluated on an individual basis as if there were
no screening guidelines available” is fundamental. Also, as noted by Jones, et
al. (1984), binary screening does not account for " .. the composite effect of
all variables, and offers no indication of economic feasibility.” Therefore, the
screening process is not definitive but serves to show the investigator the
relative potential of EOR processes with respect to formation and fluid
properties, and how these properties have affected previous projects or
laboratory studies. The process may also highlight one or more parameters
whjch might strongly suggest the success or failure of a certain application.
For example, ofl with a viscosity of 10,000 cp wbuld obviously require some

form of thermal recovery.

- Smith (1983) states that ". . .most low oil recoveries are due to
adverse mobility ratios, poor location of injection and producing wells, high
residual oil saturation in the contacted part of the reservoir due to
heterogeneities, and the immiscible nature of an ofl-water displacement
mechanism.” Some combination of these factors is the target of each of the
methods which comprise EOR technology. Enhanced recovery methods have
been categorized by Taber and Martin (1983)as follows:

e Improved waterflooding

e Miscible-Type waterflooding
® Hydrocarbon and Other “Gas™ Methods
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boreholes into a maniforld and is coliected into-a sump for pumping to the
surface. Figure 5.4 illustrates the general concept involved. This method has
been shown to be effective in shallow, fractured, low-energy reservoirs.
welshimer (1982)points out that it may be the only alternative in older fields
in which pressure maintenance is not possible due to primitive plug and
abandon procedures. Horizontal drilling is also used in conjunction with
steamriooding. The following list is taken from Turner (1984), Dobson and
Seelye (1982) and Ste. Nationale EIf Acquitaine of France [Qil and Gas Journal
(Dec 26, 1983)], as being the major recovery mechanisms at work when
horizontal drilling is employed:
® Gravity drainage
® Large increases in the surface area of drainage above that of
conventional vertical wells
- @ Intercepting of circulation paths (fractures), which are often
difficult to locate with vertical wells
e When used with steamflooding, boreholes afford uniform steam
distribution
EIf also states that horizontal boreholes are “. . . geologic tools because an
appraisal well could provide samples over a several hundred foot horizontal
drain hole.”

Screening criteria, per se, were not found for horizontal drilling.
However, the screening criteria listed in Table 5.1 reflect the fact that a

number of gravity drainage projects in light oil reservoirs (those containing
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in the Shannon has been found to be 63 md. However, there is a wide variation
in permeability throughout the field and there are large areas which meet the
100md criterion. Smith (1978) indicates that a higher gravity ofl, such as
exists in the Shannon, may not require such a high permeability, and may even
respond to permeabilities as low as 25 md, which is what is used as the
permeability screening criterion.

| In-situ combustion was judged to be marginal for the Shannon.
Although most of the criteria of Table 5.1 are satisfied, reservoir
heterogeneity will probably hamper flow uniformity. A uniform, sustained
combustion front is necessary. Unlike steamflooding, injected fluid (air)
cannot benefit recovery If it flows through high permeabliity zones and/or
overrides other formation fluids.

5.5 Mining and Extraction

Mining methods have been employed for petroleum recovery for a
number of years in Europe, and more recently, in the United States. Although
excavation is a potential method for removal of petroleum, the mining
technique finding widest applicatton in the ofl industry is horizontal dritling.

3.5.1 Horizontal Drilling
in horizontal drilling, a mine shaft is dug and an underground

chamber, or drilling room, is established from which boreholes of up to 200
ft in length are drilled into the target formation. Ofl drains from the
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properties. Williams and Ramey (1980) point out the disagreement between
oil content values suggested ty Chu (1977), Poettmann (1964), and Geffen
(1973). These three suggest values of 1000, 780, and 390 bbl/ac-ft,
respectively, for minimum oil content requirement. The lower value was used
since, as Taber and Martin state, higher gravity oils should consume less fuel
and air than would be required by heavier oils.

----- R T S T T R R R oA

njector

| Praducer

i i

Ignitor
e

StearKBank Condensate Bank

Burned
Region

7/
Burning Hot Water 0il Origine} S
Front Bank Bank Reservoir

Fig. 5.3 A simplified depiction of the dry in-situ combution
process.

A minimum permeability of 100 md is commonly used in evaluating

~ in-situ combustion potential. As mentioned earlier, the average permeability
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As listed in Table 5.2, steamflooding: was judged to be a good
candidate for EOR application in the Shannon. The criteria of Table S.1 are
met, and the process may minimize effects of reservoir heterogeneities. The
shallow depth of the formation will allow steam to be Injected at 3 high
quality, and the thick pay section should lessen relative heat loss to the
overburden and underburden. Also, even though Shannon crude is low In
viscosity relative to that in most steam fioods, light-ofl steamfiooding fis
proving to be successful in other fieids.

5.4.2 In-Situ Combustion

In-situ combustion, shown in Fig. 5.3, involves a sustained
combustion reaction within the reservoir using part of the reservoir fluid as
fuel in order to generate heat. This has normally involved air m]ection and
lgnltion?bg downhole heaters, but other methods have been used either to
initiate or sustain combustion. These include pre-heating techniques and/or
the injection of oxygen-enriched air. Mechanisms which aid in o1l recovery by
in-situ combustion include:

@ Burning "coke" that is produced from the heavy ends of crude ofl

® Viscosity reduction by convective and conductive heat transfer

® Residual oil reductton by steam distillation and thermal cracking

® Increased pressure supplied by injected air

Authors differ on some screening criteria, most notably oil content
and reservoir temperature, but there seems to be general agreement on other
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10°API and 25°APi. This is due chiefly to the fact that most steamflooding
projects to date have been conducted in reservoirs containing heavier crudes.
Steamflooding lighter crudes such as exists in the Shannon reservoir has not
been specifically ruled out, however. Blevins, gt al. (1984) have reported on
successful light-oil steamflooding projects. Information from this study, as
well as others such as Hagoort, et al, (1976) and Faroug Alf and Meldau (1979)
are considered in the screening criteria of Table 5.1, where 35°API is given as
the upper limit.

Permeability is another parameter for which there does not appear
to be agreement in the literature with respect to steamflooding. It shouid be
pointed out that most successful steamflooding projects have been conducted
in high-permeability reservoirs, with permeabilities typically much greater
than 1000md [Faroug Alf and Meldau (1979)]. A report by the Gulf Universities
Research Consortidm (1973) states that steamflooding requires a
permeability greater than 100md. Taber and Martin list a requirement of 200
md or greater. Permeability {is described as not being critical to
steamflooding performance by both Geffen (1973) and Lewin and Asscciates '
(1976). However, Blevins, et al. report that a number of light-oil
steamflooding projects have been successful in formations with
permeabilities as low as 70 md. Therefore, 70 md is taken as the lower limit

of permeability for steamfiood screening.




< W e

S AR AR i A o6l A Bt R i B S

49

® Solution gas drive - .es o
e Emulsion drive
¢ In-situ solvent drive

As steam flows through the reservoir, it transfers heat to
formation fiuid, reservoir rock, overburden, and underburden. One or more of
the listed mechanisms is at work, and various zones or “banks” may be formed.
In addition to a steam bank, these may include banks of hot water, light
condensate or distillation products, and an oil bank. Usually, the steam bank
rises and overrides other formation fiuids due to gravity segregation and
becomes a "blanket™. Oil is then recovered as the steam blanket grows with
continued injection. Miller (1984)points out that, unlike other displacement
processes, this effect causes most oil recovery during a steamflood to occur
after breakthrough of the injected fiuid.

A significant difference between steamflooding and the other
displacement processes listed in Table 5.1 is that reservoir heterogeneity and
the effects of fractures may not be critical factors. The movement of a
steam zone tends to be more uniform since any flow channelling through high
permeability streaks, or fractures, tends to dissipate due to excessive heat
loss to the formation.

Certain screening criterta differ between authors. For the

permissible range of APl gravity, the more accepted values are between

bl T's'fT'T
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Fig. 52 A simplified depiction of the steamflooding process

= [from Aydelotte and Pope (1983)).
N
. 9.4.1 Steamflooding
. Figure 5.2 schematically illustrates the steamflooding process. Wu
(1977) and Willman, et al. (1961) list the following mechanisms as
g contributing to improved oil recovery by steam drive:
i ® Viscosity reduction
: ® Thermal expansion of oil

e Reduction of residual oil
’-'
- e Steam distillation
: e Gravity segregation
..
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The Shannon appears to meets -all EOR screening criteria listed by
i* Taber and Martin for alkaline flooding. However, Owens and Archer (1971)
have shown that o1l recovery by alkaline waterflooding does not apply unless
I- the acid index is over 0.5 mg KOH/g crude. Samples of Shannon crude were
{'! evaluated as having an average acid index of 0.125mg KOH/g crude. For this
- reason, it appears that alkaline waterflooding is not a viable EOR process for
f’ the Shannon reservoir.

[E 5.3 Hydrocarbon and Other “6as™ Methods

& Included in this category are miscible solvent flooding, enriched gas
v drive, high pressure gas drive, carbon dioxide flooding, acid or flue gas
injection, and inert gas injection. These methods recover ofl by generating
some degree of miscibility. However, all require sufficient depth so that high

‘:;- pressures can be Introduced into the formation. Due to the shallow depth of

” the Shannon formation, none of these processes are applicable.

= |

5.4 Thermal Recovery

l Thermal recovery methods consist of steam and hot water injection

[ processes, and in-situ combustion processes. Except for hot water flooding,
all thermal recovery methods improve productivity by reducing crude

L_’; viscosity (Prats, 1982). Other mechanisms may be important, depending upon

(ﬁ the process.

s

P




r2dh ke Wit

i 46

It is noted, however, that Smith (1983) states that no surfactant/polymer

| h projects in the United States have ever been reported as being profitable.
I " Surfactant/polymer flooding merits further investigation. The
' .~ screening parameters listed in Table 5.1 are satisfied except for the problems
| l. which might arise due to the presence of fractures in the formation. If
[" successful, a miscible process such as this could mobilize the large amount of
. residual oil which would otherwise be left in the reservoir by an immiscible
i f' displacement method.  High costs of chemicals, complex operating
s requirements, and the preference for a more homogeneous reservoir are
' negative factors. For these reasons, surfactant/polymer flooding was judged
{! to have marginal potential for the Shannon rormation.

5.2.2 Alkaline Water Flooding
with many oils it is possible to inject a low pH solution to generate

.S a3 & A A umme -
A s

an in-situ surfactant. This has the advantage of being less expensive than the
petroleum sulfonates, alcohols, salts and other chemicals used in surfactant

c‘n'

flooding systems. Ehrlich, et al (1976) listed the following mechanisms

LA & Nr A S R

which are possible in ol recovery by alkaline water flooding:
L e Solution gas drive
e e Emulsification and entrapment of oil for mobility control
R e wettability reversal from oil-wet to water-wet
= ® Wettabllity reversal from water-wet to ofl-wet
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be bypassed. While bedding should be. considered in well placement and
selection of compiletion interval, fracture plugging techniques to divert
injection flow from high permeability zones may need to be employed.

5.2 Miscible-Type Waterflooding

Miscible-type waterflooding techniques are often referred to as
surfactant floods, micellar floods, microemulsion floods, detergent floods,
and soluble ofl floods. For this report, ailkaline floods were included in this

category. Mobilization of residual oil is the primary purpose of these
processes.

5.2.1 Surfactant/Polymer Flooding

A slug consisting of water, surfactant, salt, and possibly an alcohol
co-solvent and/or a hydrocarbon IS injected In this process. Depending upon
surfactant concentration, the slug may be between S% and S0% of the pore
volume. Generally, the smatler slugs utflize higher surfactant concentrations.
The surfactant slug Is followed by a polymer slug of up to SO% of the pore
volume for mobility control. Petroleum sulfonates or blends with other
surfactants are most often used. Taber and Martin show that this process
recovers oil by:

e Reduction of interfacial tension between oil and water

® 01l solubilization

e 01l and water emulsification

o Mobility enhancement

v \.“.\.-\..'_ .-\'.\'-'.'.\"‘.""-\" -;.;-.‘-_. '-\-.. -.. < !. -_. c’ > q" ) “. --. ". '-' -'. *-'.\J,\..\-é\’..‘-..\-.\.‘\‘.‘
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r
P f:- flexible chains of acrylamide monomers. This gives the disadvantage of
E !. making them subject to shear degradation. However, polyacrylamides are
- relatively immune to bacterial activity and are apprdximatelg one-half the
- l"' price per pound of polysaccharides. Polysaccharides, or biopolymers, are
produced by microbial action, and offer the advantages of increased viscosity
: r_ and shear stability. Also, they are generally more tolerant of poor (saline)
¢ !:’1 waters than are polyacrylamides. However, in addition to higher cost,
i:': polysaccharides require the use of oxygen scavengers and bactericides.
s 2
_ t In consideration of a polymer flood for the Shannon, it was noted
: [ that both the poor mobility ratio to be expected and the presence of fractures
, in some parts of the formation are unfavorable factors. Also, the large
- él poiymer molecules may plug fow permeability zones. Channelling problems
- L which might arise may be corrected by fracture plugging treatments. For
- example, Mack and Warren (1984) reported on a successful polymer flood in
| .; which such diversion was used at the Sage Spring Creek Unit. In this project,
. cationic and anionic polyacrylamides were injected with aluminum citrate
x L;E;; into fractured Dakota sandstone. Whether plugging of low permeability zones

H will be significant in the Shannon sandstone is subject to field testing.

: Based on the screening criteria listed in Table 5.1, polymer flooding
- appears to be a viable candidate for application in the Shannon. The
drawbacks to using this method concern the physical makeup of the reservoir
- bedding and fractures. Both factors may cause portions of the formation to

. a . e s - e e~ - . PP R P P TS SR T SO S I T S ) o I
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Tne results of the water flood.performed in the East Teapot Field

\"E:; portion of the 3Snhannon, 2s well as the bedding characteristics of the
reservoir, both discussed earlier, imply that mobility control is necessary.
: ‘— This was confirmed by Core Laboratories’, Inc. (Nov. 1978) core analysis in
' wnhich rejative permeability relationships were determined for the Shannon.
: r. These catz give a range of mobility ratios from M= 3.5 to M= 209. An adverse
: [‘" mobility ratio of M= 68 was calculated using average values. o
! ;t S.1.1 Polymer Flooding
R In polymer flooding, water soluble polymers are added to injection
g { water to increase viscosity and thus reduce the mobility ratio. Commonly, a
g e poigmer "slug” of 15to 25 per cent of the pore volume is injected, followed by
(. wazier injection. These polymers are generally high in molecular weight and

composed of long-chain molecules. This has the advantage of increasing

[ Sl B Y
e
DO
ot

injection water viscosity and in some cases changing oil-water

L" permeabilities. Additionally, cross-flow from low to high permeability
_' i zones increases the effectiveness of this process by plugging the the high
l permeability flow channels. However, a possible disadvantage is that the
} l reiatively large molecules may plug low permeabilitity zones.
X } Polymer flooding is usually conducted using either polyacrylamide
_ = or polysaccharide polymers. Polyacrylamides are employed in about 80 per
J L cent of all projects [Smith (1983)], and have the advantages of both viscosity
: ‘ increase and relative permeability alteration. They a« composed of long,
v

»
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f , Caudle shows that a mobility ratio of greater than 1 is unfavorable
- to efricient displacement since flow of the displacing phase, be it water or
some other fluid, would be preferred over that of the ofl. The effect of
N mobility ratio on areal sweep is depicted in Fig. S.1. The mobility ratio may
- be improved (decreased) by adjusting one or more of the parameters of Eq. 5.1

to make fluid flow such that it will be more uniform, so that greater portions
| of a reservoir will be contacted at earlier times, sooner displacing more oil.
r Improved waterflooding methods attempt to accomplish this by raising the

viscosity of the injection water and/or reducing the formation's permeability

to water.

M>» 1

il

&)
Displacing
Fluid

4]
Production
Well

injection
) <.
l_ia‘ Fig. 5.1 A generalized depiction of the effect of Mobility Ratio,
o ™, on the flow of an injected flutd which {s meant to displace oil
| towz.d production wells.
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e Thermal Recovery . -
e Mining and Extraction
These categories are composed of various processes. Following is a
discussion of the processes, screening criteria, and appiicability for the
Shannon formation.

5.1 Improved wWaterflooding

Conventional waterfloods comprise the majority of injection
systems, ylelding recoveries (including primary recovery) of from less than
10% to as high as 70% of the original ofl-in-place [Smith (1983)]. In
waterfloods, injected fluid sweeps through a portion of the formation,
disptacing mobtle ofl at some efficiency. Improved waterflooding techniques
increase sweep efficiencies in waterfioods by reducing the mobiiity ratio.
The mobllity ratlo, M, for a water flood is defined by Caudle (1968)". .. as the
ratio of the fluid mobtlity (A,) In the watered out (swept) region to the fluid
mobility (A,) in the uninvaded region™

M= A/ A = Ko/ B Ko/U) - - et 5.1
AR 5.2

where
k,, = average permeability of the swept region to the displacing fluid
iy, = viscosity of displacing fluid
ko = average permeability of the uninvaded region to oil
H, = viscosity of ofl
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: u oil of 20 APl or greater) are underway in the United States. For example,

Dobson and Seelye (1982) describe the successful operation of one such

’ project which was performed in the Tisdale Field, near NPR-3, by Conoco, Inc.

[- Additionally, steam injection via horizontal boreholes 1S being used in the

; r Kern River field near Bakersfield, CA [Oil and Gas Journal (August 23, 1983)]

s and in the Yarega Field near Ukhta, USSR [Turner (1984)].

[
i
¥
.
o
L

Eig. 5.4 Horizontal drilling from a subsurface drilling room.

Based on the screening criteria, both gravity drainage and steam
injection via horizontal boreholes appear to be recovery mechanisms which

may be applicable to the Shannon formation and which warrant further
RS investigation.

...........................
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Table 5.2 Results of EOR Screen

Category Process
Favarable Polymer Flooding
Steamflooding
Horizontel Drilling
Marginal In-Situ Corrhustion
Surfactant/Polymer Flooding
Unfavorable Miscible Gas Drives

Alkaline Flooding

56
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P , 6. PERFORMANCE PREDICTIONS .

PR

b Results obtained from the three EOR predictive models used in this

‘ r- study are presented in this chapter in terms of oil produced versus time.
Economic analyses are presented in Chapter 7. For each method investigated,
i r predicted production rates and cumulative production for base cases of 2
_‘ 10-acre and a 2.5-acre 5-spot pattern are shown. Results of sensitivity
i analyses found to be significant are also presented.
B -
ol 6.1 Assumptions Common to All Models
r Although there exists a degree of uncertainty regarding some
) physical properties of the Shannon formation, it is possible to describe the
’{. reservoir in terms of a number of average properties. For the purpose of
these predictions, the Shannon formation was characterized as a single,
{ homogeﬁéous, continuous sand body of constant thickness, porosity, and fluid
{'. saturation. While these assumptions are not generally valid for any
reservoir, they are necessary for application of the predictive models used,
) [f'-f and were made in the hope that results based on average physical properties
- would yield an approximation of actual performance. Further, sensitivity
‘.’(T_;j analyses for various physical parameters were performed in order to
T compensate for both the lack of knowledge concerning the Shannon formation,
. L and any actual variability in these properties within the reservoir. Thus, the
) reservoir was characterized as having the average properties which are
L’: described in Chapter 2 and given in Table 6.1.

¢ .
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Table 6.1 Physical Property Assumptions
Common to all Predictions

Reservoir Properties

Reservoir Depth 550 1t
Reservoir Temperature 65 °F
Reservoir Pressure 70 psia
Net Pay Thickness 76 ft
Gross Pay Thickness 96 ft
Rock Properties
Porosity 19.8%
Permeability* ' 200 md
0il Saturation a3 %
Water Saturation 55 %
Gas Saturation 3%
Fluid Properties
0Oil Viscosity* 10cp
0il Gravity 32 "API
. water Viscosity lcp
., Solution Gasr0il Ratio 32 SCF/STB

* Varied in Sensitivity Anaiyses

6.2 Base Case

To provide for comparison of the predictions for the various cases
considered, a base case was established. The unit investigated is a 10-acre
S-spot pattern of wells since the Shannon formation is essentially fully
developed in this manner. In this configuration, the only new wells to be
drilled would be injectors. Additionally, the existing collection system wouid
be adequate. Limited infill drilling to 2.5-acre spacing has been done at NPR-3.
As illustrated in Fig. 6.1, this allows for the inclusion of existing wells in a

uniform pattern. Thus, a second base case is considered for each process,
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{%!' using a 2.5-acre well pattern. However, sensitivity analyses were done only -
A
for the 10-acre base case. Reconfiguration to 5-acre spacing could also be
5 . . .
L" accomplished utilizing existing wells, but was not considered in this study.
L ]
h A - 10-Acre Injection well
L . To be Driliéd
[-;:'. ’ o - Existing Production well
- ‘ }(\, _ —— - 10-Acre Psttern Boundsry
= : 2 - 2.5-Acre Injection Well
["_:} E o - Producing Wells to be
o Drilled or Converted
i & L e - -2.5-Acre Pattern Boundsry
£
{;‘,Z; Fig. 6.1. An illustration of 2 10-acre S5-spot pattern, which is
b the basic unit investigated in this study. Also shown is the
i manner in which infill drilling to 2.5-acre spacing could be
- accomplished.
| t}f ‘Performance predictions are given in the following sections for
| L.; various cases. Production rate is expressed in BOPD and cumulative production

is shown in MSTB.

i 6.3 In-Situ Combustion Prediction

| # Figures 6.2 and 6.3 give the results of the base case predictions
E:‘) obtained from Genrich's in-situ combustion model for the 10-acre and 2.5-acre
| B base cases, respectively. Figure 6.4 compares cumulative production for the
; - two cases on a 10-acre basis, i.e. four 2.5-acre S-spot patterns. Ultimate
L recovery for the 10-acre base case is 256.8 MSTB, or approximately 49% of the
? 'l[: oil in place, and uitimate recovery for four 2.5-acre patterns is 276.7 MSTB,

| or 53% of the oil in place. The production rate curves of Figs. 6.2 and 6.3 show
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that the model does not predict aproduction decline, but rather a “plateau” of

approximately 105 BOPD which is abruptly stopped, presumably because of
predicted combustion front arrival at the producing well. Additionally,
predicted production was oscillatory between years four and six. The reason

for this behavior was unknown.

The lack of a production decline was shown in all cases investigated.
The termination of production was that predicted by the model, and not an
economic limit. This was not well understood and it appeared to be
unrealistic. For example, varying air injection rates resulted in predictions
which implied that the ultimate cumulative production would be different. It
was felt that in a case such as this, ultimate cumulative production should be
identical for different air injection rates, and only recovery time would vary.
Further, this character does not agree well with examples of actual in-situ
combustion project production histories given by Prats (1982). However, at
least on; field project, at West Newport, CA, did exhibit an extended period of
steady production, as is implied for the Shannon formation by Genrich’'s model.

In addition to the properties given in Table 6.1, equivalent fuel
saturation and oxygen consumption efficiency were specified, based on the
results of combustion tube experiments performed by Core Labs [May, 1980]
Default values calculated by Genrich's model were used for the other optional
parameters listed in Appendix 10.1.1. The base case air injection rate was

taken to be 850 thousand cubic feet per day (MCFD), based on actual practices

in the Shannon formation in-situ combustion pilot project in November 198<
{Grooms (1984)).
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Oxygen consumption efficiency was taken to be 88% for all
predictions made in this study, also based upon the combustion tube
experiment results. The effect of air injection rate upon predicted
performance was measured by choosing a low rate of 500 MCFD and a high rate
of 1200 MCFD. Sensitivitg to permeability and viscosity were also examined,
and it was shown that neither parameter altered predictions measurably from
the base case. Permeability changes showed no changes from base case
predictions, while the use of 7 ¢p and 20 cp 0il as an input parameter resulted

in changes from the base case of approximately 1%.

Additionally, injected oxygen concentration was studied, using values
of 30 weight per cent and 50 weight per cent oxygen. Genrich allowed for both
oxygen weight per cent and mole per cent to be specified as input parameters.
However, it was found that the model did not respond to changes in oxygen
mole pef' cent as an input variable, which would have been easier to analyze
from the standpoint of stoichiometry. Therefore only oxygen weight per cent

was varied as an input parameter.

6.3.1 Effect of Equivalent Fuel Saturation

It was found that the most significant optional parameter for input
into Genrich’s model was equivalent fuel saturation, Spe, for which the default
value was zero. As given by Prats (1982) for calculation of Spr from a

combustion tube test, Spr is defined as:

Sof = P T 6.1
Mg = TR DV QI 2 O —— 6.2

where,




¢ = Porosity of the reservoir, fraction

é¢ = Porosity of the combustion tube material,
fraction . ... .

po = 0il density, Ib,/rt3

mg = Mass of reservoir fuel burned, b, /ft3

me = Mass of combustion tube material burned,

b,/ ft3

Figure 6.5 illustrates the predicted importance of equivalent fuel
saturation to in-situ combustion performance. This figure shows that if the
equivalent fuel saturation were as low as 3.5%, recovery would be over 12%
greater than the base case in a four-year vice eight-year project life.
Conversely, if equivalent fuel saturation were 18.7%, ultimate recovery from
the project would be only about 25% of the base case in essentially the same
project life. This is not a parameter which can be optimized, rather it is a
property of the reservoir fluid. However, this analysis indicates the

importance of quantifying equivalent fuel saturation.

6.3.2 Effect of Air Injection Rate

Figure 6.6 shows the effect of air injection rate upon predicted
in-situ combustion performance in the Shannon formation. As expected,
higher injection rates are predicted to give significant improvements in
performance. However, as noted previously, the results from the model also
inferred that ultimate recovery would change, which was not expected.
Compared with the base case recovery prediction of 256.8 MSTB, or
approximately 49% of the oil in place, the prediction for S00 MCFD gives an
ultimate recovery of only 140.4MSTB, or 27% of the oil in place. Recovery for
an zir Injection rate of 1200 MCFD indicates an ultimate cumulative
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In addition to the properties _giveq_v?n‘ Table 6.1, equivalent fuel
saturation and oxygen consumption efficiency were specified, based on the
results of combustion tube experiments performed by Core Labs [May, 1980]
Default values calculated by Genrich’s model were used for the other optional
parameters listed in Appendix 10.1.1. The base case air injection rate was
taken to be 850 thousand cubic feet per day (MCFD), based on actual practices
in the Shannon formation in-situ combustion pilot project in November 198<
[Grooms (1984)].

Arima's prediction modelled base case results for a steamfiood in
the Shannon formation as shown in Figs. 6.17and 6.18 for 10-acre and 2.5-acre
spacing, respectively. Figure 6.19 compares the results of cumulative
production on a 10-acre basis. All predictions exhibited the character of high
initial production followed by a steady decline. As noted in Fig. 6.17, steam
breakthfdugh is not predicted to occur until late in project life. Due to the
heterogeneity of the Shannon reservoir, steam breakthrough would probably

occur much sooner than is predicted by Arima.

6.5.1 Effect of Injection Rate

Figure 6.20 shows that injection rate is predicted to have a
substantial effect on steamfiood performance, with a rate of 700 BSPD
yielding twice the recovery of a 300 BSPD injection rate in a 10-year period.
However, additional recovery must be weighed against the commensurate
steam generation costs. It should also be noted that Arima's predictive

model gives which is based upon frontal displacement. Although. the
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slightly higher flow rates early in the project, the 250 Ib/ac-ft upper limit

value showed better production performance th'e.rgaf ter.

6.4.4 Effect of Polymer Concentration

The analysis of polymer concentration found that an increase in
concentration yielded a corresponding increase in predicted early oil
production, as shown in Fig. 6.15. As with oxygen concentration for the case
of in-situ combustion, the choice of polymer concentration is ultimately an

economic decision.

6.45 Effect of Polymer Slug Size

Figure 6.16 shows that Jones' model predicted virtually no
difference in performance when three different slug sizes were evaluated. It
is noted on Fig. 6.16 that the 0.25 PV slug shows a better recovery than the
other two cases at about 7 years, when it reaches its economic limit of WOR =
50. Th'i's increase in production was evidently the result of substantially

higher predicted water injection rates for the 0.25 PV case.

6.5 Steamflood Prediction

Additional base case data for the steamflood prediction included
steam quality, injection rate, injection pressure, and thermal properties of
the reservoir. Surface steam quality was estimated to be 80% and injection
rate was taken to be 500 bbls of steam per day (BSPD), expressed in
equivalent barrels of cold water. The injection pressure used was 500 psia,

and thermal properties of the formation were taken from a study of the

Shannon formation by Zargarnian (1984).

.............................
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production for 2 years compared to the base case of 10cp oil. As discussed

in Chapter 2, there appears to be either varigbility of this property within
the Shannon formation or measurement inaccuracies. This analysis
illustrates that oil viscosity is a critical phgsical' variable and that it
requires more extensive and exacting analysis before economic decisions

would be made regarding polymer fiooding.

6.4.2 Effect of Permeability Variation

As with oil viscosity, permeability variation is not a variable that
can be changed. But it is a characteristic of the Shannon formation that is not
well understood and was therefore investigated for its effect upon predicted
polymer flood performance. The Dykstra-Parsons permeability variation Vpp,
as described by Caudle (1968), is used by Jones to statistically simulate flow
as occurring in a number of layers. Figure 6.13 shows that the most severe
case considered, Vpp = 0.9 yielded the best performance in terms of earliest
productic;n. This was somewhat surprising as a more heterogeneous reservoir
would tend to promote by-passing of fluids into high-permeability zones,

away from low-permeability areas, thus hindering effective production.

6.4.3 Effect of Polymer Adsorption

Polymer adsorption was thought to be a potentially critical variable
with regard to prediction of polymer flood performance and was thus
analyzed. As shown in Fig 6.14,Jones’ model does not indicate that within the
range of values tested that the effect of this parameter will be significant.
However, the results of this analysis are presented for completeness. It is

interesting to note that while the lower value tested, 75 ib/ac-ft, predicted
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! production followed by a period of high but rapidly declining production.

Figure 6.11shows polymer injection requirements. predicted by the model. In
discussing predicted ultimate recoveries in this section, an arbitrary cut-off

point of a water-oil ratio (WOR) of 50 was chosen; Afor reference, Caudle

E (1984) suggests a WOR of 20 as an economic limit. An ultimate recovery of
2229 MSTB, or 43% of the oil in place is predicted for the 10-acre pattern,
_ while four 2.5-acre patterns were predicted to produce 230.4 MSTB, or 44%

of the oil in place.
Parameters additional to the base case which were applied to the
. polymer flood prediction included polymer properties, polymer slug size,
polymer concentration, and injection pressure. Dow Pusher 700 was chosen
‘ as a representative polyacrylamide polymer and its properties were those
. used in all predictions. The base case also considered polymer to be injected
;-' at a cor};entration of 700 ppm in a slug of 1.0 pore volume (PV). Polymer
l:: concentration and injected pore volumes were both analyzed for their effect
" on performance prediction. An injection pressure of 500 psi was used in all
o predictions, as pressures of this magnitude are presently being used in the
. Shannon formation pilot tests [Schulte (1984)]. Finally, polymer adsorption of
i 150 Ib/ac-ft was specified for base case predictions, and was varied in a on
sensitivity study
& 6.4.1 Effect of Ol Viscosity

Unlike the in-situ combustion prediction, varying oil viscosity as an

input parameter had a dramatic effect on performance prediction. As shown
E in Fig. 6.12, an oil viscosity of 20 cp effectively delays any significant
§?.
-
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production of 281.8 MSTB, or 54% recovery. While the effect of air injection

rate upon ultimate recovery appears questionable, production rates were as
expected, i.e., lower production rates resulting from lower injection rates.
The choice of an optimum injection rate is an economic one, requiring further

analysis as is done in Chapter 7.

6.3.3 Effect of Oxygen-Enriched Air

Like air injection rate, the oxygen content of injected air is an
economic decision factor, requiring the consideration of special safety
measures and extra equipment, but 2lso of lower air compression costs.
Figure 6.7 gives the predicted performance of in-situ combustion in the
Shannon reservoir using oxygen-enriched injection air. In this analysis,
injection rate was held constant at 850 MCFD in order to provide a simplified
comparison with the base case. A more complete study should determine
what injection rate would yield a specified recovery, in order to compare
capital énd operating expenses on that basis. Raising the weight per cent of
rxygen to 30% yields slightly better predicted recovery while decreasing
project life by 1.5 years. The effect of raising the oxygen concentration to
50% does not raise ultimate recovery above the 30 weight per cent case,

however it lowers project life even more, to 3.7 years.

6.4 Polymer Flood Prediction

Base case predictions obtained from Jones' polymer flooding
predictive model are given in Figs. 6.8 (10-acre) and 6.9 (2.5-acre), and
compared on a 10-acre basis in Fig. 6.10. As in all polymer flood predictions

which were made, both base cases are characterized by a short period of low
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prediction considers a steam overlay, it does not take into account the

"steam blanket™ effect to the extent as suggested by Vogel (1984). Vogel
shows how this effect can lead to an optimum injection rate, above which
additional steam injected essentially results only in additional steam being

produced.

6.5.2 Effect of Surface Steam Quality

Rather than having an estimated injected steam quality as an input
variable, Arima's model offers the benefit of accepting surface steam quality,
and then calculating wellbore heat losses to yield the injected steam quality
at the sandface. Figure 6.21 illustrates the effect of this parameter on
predicted performance. These reéults are important in that littie change is
predicted when raising surface steam quality from 80% to 90%, yet a drop in
quality from 80% to 703 significantly decreases performance. These resuits
imply that insulation on injection lines is necessary, but that there may be a

limit to the benefit of insulation.

6.6 Comparison of EOR Processes

Figures 6.22 and 6.23 summarize the results of this study for
10-acre and 2.5-acre base cases, respectively. In both situations poiymer
flooding was predicted to give the highest early recoveries, while
steamflooding was predicted to yield the highest ultimate recoveries. The
larger ultimate recovery for the steamflood was most significant in the
comparison of the 2.5-acre base cases. Predicted ultimate recoveries agree

well with theory. Poiymer flooding can only produce mobile oil, while steam

flooding greatly reduces residual oil, enabling more oil to be produced. Steam
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and miscible gas drive mechanisms in an in-situ combustion process can

reduce residual oil. However, ultimate recovery would not be as large as for

a steamflood since some amount of oil is used as fuel in the reservoir.
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7. ECONOMIC ANALYSES

Ultimately, the decision to implement EOR operations for the
Shannon formation will be based upon economics. Projected revenues must be
weighed against anticipated capital and operating costs to determine which
process will be most profitable. In this chapter, the set of preliminary
production predictions given in the previous chapter were anaiyzed for
profitability. This evaluation was based on assumptions pertaining to oil

prices, capital costs, operating costs, and other economic conditions.

As with the many physical variablgs which must be considered when
production predictions are made, there are numerous economic parameters
which affect the profitability of a project. In this preliminary analysis, all
cost components were not known, and accurate costs for known components
were no;t generally available. However, major capital and operating costs
were identified and reasonable estimates made, based upon known process
requirements and certain pilot test results. Therefore, just as the production
predictions reflected the anticipated character and order of magnitude of
performance, economic analyses provide an estimate of profitability. In
addition to these preliminary estimates, a template for more detailed future

study was established.

7.1 Economic Decision Criteria

As noted earlier, operations at NPR's are unique in the sense that

DOE pays no taxes or royalities on production. Net profit and net cash flow are
91
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synonymous and profitability is measured simply in terms of the difference
between gross revenues and actual expenses. However, even the US.
Government must account for the time value of its money, hence the issuance
of Treasury bills (T-bills). For this reason, two discounted cash flow
decision criteria, Net Present Value (NPV) and Present Value Ratio (PVR),

were chosen to compare the profitability of the EOR processes evaluated.

7.1.1 Time Value of Money
Since the value of money changes with time, it is necessary to
account for this change in any economic decision. The time value of money can

be described by the compound interest formula [Berlinger (1984))]as:

Fv = PV(1+i)N 7.1
where,
FV = Future value of a cash flow
PV = Present value of that cash flow
i = Nominal interest, or discount rate per period
n = Number of periods considered

Simply, this formula shows that a dollar recieved one year from now is not
worth as much as one received today due to the loss of a year’'s investment -
opportunity. This “"opportunity cost” is expressed in terms of the interest, or

discount rate at which the money could have appreciated.

An endeavor such as the EOR processes studied herein will result in

a series of future cash flows. Equation 7.1 may be manipulated to express the

present value of a future cash flow as a function of time and the discount
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rate. The sum of these cash flows are termed the Net Present Value. This is

expressed as:

n
Nev = Z[Fvaent] . S 72
j=0

where j represents the time period in which a cash flow occurs. NPV reflects

the total net cash flow for a project, discounted to the common basis of
present year dollars. A disadvantage of using NPV as an economic decision
tool is that it does not reflect the magnitude of the initial investment
required. Thus, two projects may have nearly equal NPV's, but one may have
required 2 much larger initial investment than did the other. Therefore, PVR
was included in this study as an additional criterion with which to measure
profitability. Berlinger states that the PVR yields the discounted value per

dollar of investment. It is expressed as follows:

PR - VR ol )Y/ of R 7.3
where,
PVR = Present value ratio
Cl = Capital Investment regired

7.1.2 Discount Rate
As can be seen from Eq. 7.1, the cost of capital as expressed in the
discount rate is an important parameter to profitability. It is, however,

affected by inflation, as positive inflation effectively reduces the true

discount rate. This was shown by van Rensburg (1984) as:
R = (P2 )01 1) = 1 s 7.4




R =

True discount rate

Nominal discount rate

Average inflation rate

n all evaluations of this study the true discount rate was used. The nominal
liscount rate was chosen to be the average annual T-bill rate, as this reflects

he cost of capital for the operator of NPR-3, the U.S. Government.

.1.3 Inflation and Escalation

Inflation must necessarily be considered for its effect on future
.osts and revenues. Additionally, escalation may be a factor and was
onsidered where appropriate in this investigation. Escalation is the
lifference between the rise in a cost or revenue and the general rate of
nflation. For example, oil prices in the 1970'srose in price at rates higher
han inf la'tion, i.e. they experienced positive escalation. Conversely, drops in
)il prices are an example of negative escalation. Future costs and revenues

vere thus calculated from initial varues, termed “Year 0" values, as follows:

Cost, = Costg(1+ 1+ EM ... 75
vhere,

Cost, = Cost(or revenue) in future year, n

Costg = Cost(or revenue) in Year O

n = Number of years since Year O

| = Average annual inflation rate, fraction

E = Average annual escalation, fraction

L 4 LI P P R ST G -'.‘...’."". '..".- -~
S}MM}&EA&;‘ AT, WL XA INIATY .
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2 Methodology

For each process, NPV and PVR were found and various economic
nsitivity analyses performed using a microcomputer spreadsheet model as
itlined in Appendix 10.2. Sensitivities to the physical and operational
irameters found to be significant in Chapter 6 were also investigated. For
iIch process, a chart is presented which depicts base case NPV and Ci for
ith the 10-acre pattern and for four 2.5-acre patterns. Results for physical
id operational variables identified in Chapter 6 are then shown. Finally,
sults of the analyses of all three processes with regard to economic

Irameters are given.

In all evaluations the convention given by van Rensburg, of
nsidering cash flows as if they occurred at year end, was used. Capital
)sts were considered to occur in Year O and inflation, escalation, and
)yminal discount rates were assumed to be constant average values. The
1sic unit of evaluation was taken to be a 10-acre 5-spot well pattern. This
ouid require the drilling of one injection well and workover and stimulation
~ the equivalent of one existing production well. Additionally, a 2.5-acre
Ise case was evaluated. As can be seen from Fig. 6.1, this arrangement would
quire four injection wells and the equivalent of three producing wells to be
illed per 10-acre unit. Workover and stimulation of the equivalent of one
ell per 10~acre unit would also be required for the development of four

S-acre well patterns. Economy of scale for a potential field-wide expansion

as assumed making application of fractional costs appropriate. For
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nple, a polymer mixing unit which would serve ten 10-acre patterns may
. $100,000and be operated by one man receiving $30,000 per year in pay
benefits. The per pattern capital cost would thus be $10,000 while the
1al per pattern labor cost would be $3,000 (not adjusted for infiation and

ilation).

Table 7.1 Economic Base Case Assumptions

T-Bill Rate 10%

Inflation Rate

x
e

Initial 011 Frice $29/bb
Dil Price Escalation -4%
Initisl Natursl Gas Price $3/MCF
Initial Polymer Price $2/1b
Initiel Electricity Price 4¢/K'wH
Gas, Polrmer and Electricity 0%

Escalation

Economic Base Case

To compare the profitability of in-situ combustion, polymer
\ding, and steamflooding in the Shannon reservoir at NPR-3, an economiic
2 case was established. Table 7.11lists base case assumptions for discount
», inflation rate, Year O prices and escalation factors. Note that at the
Jmed 4% inflation rate, the true discount rate was calculated to be 5.77%.
5, oil prices in the base case studies were held at a constant $29/bbl due
he -4% oil price escalation. Natural gas, which would be used as a fuel for
am generation, is produced and processed at NPR-3. Although this gas is

marketed, it was assumed that it could be sold for $3/MCF. This was

e i i S e e, Bl i
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taken to be the true cost of gas. A current electricity price is reflected in
the $.04/KWH {Schulte (1984)], and polymer prices were assumed to be
$2.00/1b. Other specific costs are discussed in the following sections where
appropriate. Appendix 10.2 contains spreadsheets for economic base cases, as

well as a discussion of formulas used.

1 $5.13 million

Four
25~ Acre
Fatternz B

Single
10-Acre
Pattern g

S $351,000

- Capital Investment

':'.Fig, 7.1. Projected Net Present Value and Capital Investments
estimated for in-situ combustion in the Shannon formation.

7.4 In-Situ Combustion

The production history for in-situ combustion which was given in
Fig. 6.2 was evaluated economically, and showed a NPV of $4.48 million for its
approximately 8-year life. Figure 7.1 shows that economics were judged to be
more favorable for the 2.5-acre base case with this scenario, yielding a NPV
of $5.13 million, but with a Cl of $1.46 million. Major costs would be capital
and operating costs for air compression, and the cost of pre-heating the

reservoir in order to sustain combustion. Air compressor electricity
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requirements were estimated from a correlation given by White and Moss
(1983). )

In considering economic results for the in-situ combustion base
case, it must be noted that the binary screening of Chapter S listed the
process as having only marginal potential. Also, predictions were made with
an untested model that predicted a high, consistent production rate for a
considerable amount of time showing no decline, but terminating production
abruptly, as discussed in Chapter 6.

7.4.1 Effect of Air Injection Rate

Figure 7.2 shows the increase in profitability predicted for
increased air injection rates. Note that NPV is significantly lower for S00
MCFD than for the 850 MCFD base case, a difference of approximately $2
million.” However, an equal rise in injection rate above 850 MCFD to 1200
MCFD caused predicted NPV to rise only slightly. The implication for actual
operation is that a high air injeciton rate is desirable, but that an economic
optimum exists. Injectivity would also be a limiting factor.

7.4.2 Effect of Oxygen—-Enriched Air Injection

Figure 7.3 shows the potential economic benefits to oxygen-enriched
air injection. The 30% oxygen and 50% oxygen cases yield NPV's of $4.8
million and $5.2 million, respectively. While higher capital and operating

costs are required for oxygen production, air compression costs are reduced

for equivalent amounts of oxygen injected. Further, capital and operating

e
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costs have shown to be virtually the same at NPR-3 for the injection of
oxygen-enriched air in any concentration {Zargarnian (1984)]. Therefore, this
evaluation points out that oxygen-enriched air should have significant

! economic advantages for application to the Shannon formation.

4 7.4.3 Effect of Equivalent Fuel Saturation

Figure 7.4 illustrates the effect which equivalent fuel saturation
was predicted to have on profitability. The approximately $4 million
difference in NPV between Spr = 7.28 and Sp = 18.7 @ shows that the

definition of this property will be necessary before full-scale operations

should be considered.

$5.42 million

RS P00 LGN O ML SRR mm

-

2.5-hore s
e ;s Patternz g 2
. ‘ $580,000
R ;
N Single |

10-Acre B

Pattern
_: r$‘24 ,IJC‘G NEY
N B Capital investment
Fig 1.5 Projected Net Present Value and capital investments
- for a polymer flood in the Shannon formation.
]
% 7.5 Polymer Flooding
. Polymer flooding was found to have the best economic results of the
“ three processes investigated, as shown in Fig. 7.5. Predicted benefits of this

»

LY
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process were low capital and operating costs as well as high early
production. This better economic perf-ormance is in spite of the lower
predicted ultimate recovery for polymer flooding compared with in-situ
combustion and steamflooding. Figure 7.5 also shows that 2.5-acre spacing

would produce better results than would 10-acre spacing.

7.5.1 Effect of Polymer Concentration

Results of the sensitivity analysis of injected polymer
concentration are shown on Fig. 7.6. Predictions give little change for the
three cases, with the lower 250 ppm concentration showing the better
results. Apparently, this is due to the lower viscosity of injected fluid, and
possibly an insufficient consideration for adverse mobility ratio problems in
the application of Jones's predictive model.

7.5.2 Effect of Polymer Slug Size

As with polymer concentration, better economics are predicted for
lower total polymer injection, as the 0.25 PV slug was predicted to provide
the best profitability. In each of the three cases considered, polymer
concentration was held constant at 700 ppm. As shown on Fig. 7.7, the

minimum NPV was calculated for a 0.5 PV siug.

7.5.3 Effect of Oil Viscosity
The need for adequate definition of oil viscosity and its apparent

areal variation in the Shannon formation is implied by Fig. 7.8. This plot

shows that NPV is predicted to be $1 million higher for 7 ¢p oil than for 20 cp
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oil. A more complete knowledge of reservoir oil viscosity would not only
provide more accurate predictions, but it would also be a consideration in

selection of reservoir zones when implementing polymer flooding.

7.6 Steamflooding

Figure 7.9 shows predicted economic resuits for steamflooding in
the Shannon reservoir. Specific cost items considered are listed in Appendix
B, the largest of which are for steam generation and water treatment. Cost
estimates for steamflooding are probably the more realistic of the three
cases considered, as more data were available. Figure 7.9 also illustrates
that four 2.5-acre well patterns were predicted to give a larger NPV than did

the single tO-acre pattern.

rnillicn

T o
=]

Four E
2.5 Acre |
Fatterns g5 '_ e
vl 4900 000

2. 71 rillion

10 Acre
Pattern §

HPY

Capital Investment

i 471 000

Fig. 7.9 Projected Net Present Value and required capital
investments for steamflooding base cases.

7.6.1 Effect of Steam Injection Rate

Figure 7.10shows that as injection rates are raised, profitability is
predicted to increase for steamflooding. The projected increase in NPV is
large between 300 and 500 BSPD, while the difference between injecting S00
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Million dollars

Number of periods considered in cash flow analysis
Cumulative ofl production, MSTB

Naval Petroieum Reserve No. 3

Net Present Value, $

Original oil in place

Concentration of calcium and magnesium ions, ppm
Pore volumes, fraction

Present value of a cash flow, §

Present value ratio, unitiess

011 production rate, BOPD

True discount rate, %

Oil saturation, %

Equivalent Tuel saturation, @

Saturation of oil left as residual oil to steam, %
Stock tank barrel

water saturation, %

Total dissolved solids, ppm

Dykstra-Parsons permeability variation, unitiess
water/oil ratio, STB/STB

Mobility of oil, md/cp

Mobility of water, md/cp

Viscosity of ofl, cp




Symbol
BHP
BOPD
BSPD
Ci
Cost,,
Costy

EOR
Fv

PR A DV RPN

.........................

9. NOMENCLATURE

es ]

Brake horsepower, hp

Barrels of o1l per day

Barrels of cold water equivalent to steam per day
Capital investment, $

Cost (or revenue) in future year n, $

Cost (or revenue) in Year 0, $

Average annual escalation in price, %

Enhanced oil recovery

Future value of a cash flow, $

Nominal discount rate, %

Average annual inflation rate, %

Permeability to oil, md

Permeability to water, md

Mobility ratio, unitless

Thousands of barrels

Thousands of cubic feet per day

Mass of combustion tube material burned, b, /ft3
Millions of barrels

Mass of reservoir fuel burned, 1b,,/1t3

Thousands of stock tank barrels

121
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Limitstions of this study concerned the predictive models used, the
unknhown character of the reserveir, and & lack of complete economic data.
The invectigation wae also limited in scope in that it considered only three
EOR procesces. Ac was noted, two other processes, surfactsnt/polymer
flooding snd herizonts) drilling, merit further investigstion. To provide for &
more complete trestment, the following recommendstions should be scted
upon:

e The reservoir should be characterized regerding flow behsvior

e Critical variables identified in this study should be sccurately

defined

® Permesbility veriation should be determined, and consideration

for this psrameter should be given to future predictions

e More complete cost requirements and dats chould be gathered

e Risk anslysis, weighing chances and outcomes of success and

failure, should be performed

e Other well patterns and well spacings should be evelusted, taking

into account the nature of the Shannon reservoir

Estimates of production and economics sre offered, but the true
velue of this work is that it provides 8 foundation for future study. Pest
work hss been reviewed, the reservoir qualitatively described, potentisal
processes identified, snd predictions made for three processes. [n the near
future, physicel snd economic dste will be improved, snd predictions refined.
But the results given offer an estimste of the relstive effects of various

parameters, and the methodology employed has establiched 8 fremework upon

which to base future decisions.
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Polymer flooding was shown to have the sdvantage of low capitsl
investment and high early production, and smal) pattern size was shown to be
sdvantageous for profitability. Anslyses indicsted thst slug size snd polymer
concentration were not critical psrameters. However, it ic felt that 8 high
polymer concentrstion would be required due to poor psst waterflooding
performance in the reservoir. It wes also shown that performance would be

hindered in areas where oil viscosity was as high 8s 20 cp.

In-gitu combustion showed good potential bssed upon the predictive
model empioyed. However, no considerstion for permesbility veristion was
made. Additionally, the production decline which weas predicted was
determined to be of questionabie sccuracy. Sensitivity snalyses showed that
both high air injection rstes snd high oxygen concentrstions would be
beneficial. Also, 8 critical verisble, equivalent fuel saturstion, was
identﬁ'ied as requiring further study. Applicstion in smsll well petterns wes

found to be unprofitable due to high capital and opersting costs.

Predictions for steamflooding performence indicated that this
process hac potential to be profitable in the Shannon formstion. Small well
spacings were glso projected to be sdventsgeous. 1t was shown thet
steamfliooding economics would be sensitive to fuel prices, stesm injection
rote, end surface stesm quality. This enalysis suggested that optimum
operating conditions would require high stesm injection rates, snd thet
substantial capital investments in insulstion and efficient steam generation

equipment would be profitable.
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8. CONCLUSIONS AND RECOMMENDATIONS

Important decisions lay ahead with regard to improving the
economic recovery of oil from the Shannon formation at NPR-3. The Shannon
reservoir represents a significant resource, estimated to contain over 170
million barrels of oil which are unrecoverable by primary means. Before
impiementing any EOR scheme, reservoir flow behavior and physical
properties must be defined, alternative processes identified, and pilot testing
completed and analyzed. Results of these analyses must then be used to judge
the potential profitability of the alternatives. A decision should then be made
and acted upon regarding which EOR process and what optimum operating

parameters should be implemented.

~ This study has offered a set of preliminary production predictions
for appl'ication of in-situ combustion, polymer flooding, and steamflooding in
the Shannon formation. Included was an analysis of the effect of variability
in certain physical and operational parameters. Based upon the evaluation of
the effects of these parameters, suggestions for optimum operating
conditions were made. A screening of potential EOR processes was also
reported in order to identify any other potentially applicable EOR technology.
Finally, an economic analysis was performed which showed that polymer
flooding exhibited the greatest potential for profitability, followed by in-situ
combustion and steamflooding. The economic analyses also showed the

relative effects of several economic and physical variables upon profitability.

118

YOGy




Loy des g eCliatn @ an fvas ao-tn B o oo J

117

escalation that could be expected would be 2% above inflation, therefore the
NPV profile shows values calculated at 4% inflation for -4%, 0%, and 2%
escalation. For reference, Year 5 oil prices for these three scenarios would
be $29/bb1, $35.28/bbl, and $38.81/bb1.

7.7.4 Effect of Fuel/Materials Price Escalation
Sensitivity analysis of fuel (natural gas and electricity) and raw
materials (polymer) prices is given in Fig. 7.17. Escalation was varied from
-4% to 4% at a constant average inflation rate of 4%. As can be seen from the
NPV profiles, neither polymer flooding nor in-situ combustion showed a
significant change in profitability across the range of values considered.
Conversely, steamflooding was shown to be markedly affected by escalation in
natura! gas prices. It is significant to note not only the “worst case” of 4%
escalation in natural gas but the -4% escalation as well. Under the
assumptﬁons of this model, -4% natural gas price escalation simply means

that natural gas would stay at $3/MCF throughout project life.
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7.7.1 Effect of Discount Rate
The NPV profile measuring the sensitivity of the three EOR

processes to true discount rate is given in Fig. 7.14. Note that the three
values of true discount rate considered correspond to T~Bill rates of 5%, 10%,
and 15% at 4% inflation. All three processes exhibit a decline amounting to a

difference of about $1million in the range considered.

7.7.2 Effect of Inflation

Figure 7.15 is a NPV profile showing projected sensitivity to
inflation. This figure indicates that at low inflation rates profitability
decreases, and that it increases with higher inflation rates. [t is further
illustrated that even with the -4%Z escalation of oil prices assumed for all
cases, inflation’'s effect upon operating costs would be insignificant when
compared to rising oil revenues. In-situ combustion was predicted to have an
equal NP\? as polymer flooding at an inflation rate of approximately 6.5%, and
a higher NPV for higher inflation rates. This point reflects the oil price that
would be necessary for predicted in-situ corﬁbustion performance to
overcome its relatively high capital costs in order to match the economic
performance of polymer flooding. This corresponds to oil prices rising to
$32.81inYear 5. Additionally, NPV for steamflooding rises with infiation, but
at a slower rate than the other processes.

7.7.3 Effect of Oil Price Escalation

Virtually an identical reaction as was observed with inflation is

shown in Fig. 7.16 for oil price escalation. It was feit that the highest
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{'~ raw materials. The analyses presented in the following sections are more ]
{__ important than the actual singular values such reported in Fig. 7.12. 1t is

~ pointed out by van Rensburg (1984) that these “profiles” provide

‘s' decision-making tools since so many economic parameters are subject to

) continual change.

I $4 .52 million

= Folymer s ‘ "

Flooding

. m Capital

{ ™~ Steam B Investment

t flooding y Net Present

i = Yalue @ 10%

LT ,

. In-Sity |

(_ . Cornbustion [on

h-_s “Fig._7.12 Summary of Net Present Value and capital

o,

- investment projections for 10-acre base cases.

PYR=39.75
Folumer B [ i
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Eig 7.13 Present Value Ratios projected for the 10-acre base
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BSPD and 700 BSPD is not as significant. This analysis suggests that
injecting at as high a rate as possible should be optimal. Note that this may
conflict with the assertions of Vogel (1984) and Miller (1984) discussed

earlier.

7.6.2 Effect of Surface Steam Quality

The economic results given in Fig. 7.11show that steamquality is an
important parameter, predicting that a drop in surface steam quality from
80% to 70% would cause a decline of close to $1 million in NPV for a 10-acre
pattern. This suggests that larger capital investments in efficient equipment

and insulation would be worthwhile.

7.7 Process Comparison

Figure 7.12 summarizes the results obtained from the economic
analgses: of the 10-acre base cases. It can be seen that polymer flooding had
the highest predicted NPV, followed by in-situ combustion and steamflooding.
The PVR, shown in Fig. 7.13, also suggests that poiymer flooding wouid have
the best profitability of the processes considered. However, the evaluation of
EOR potential was not'complete with only an identification of NPV and PVR,
evaluating the variables considered thusfar. in addition to the physical
parameters which were analyzed for their effect on process performance and

profitability, economic uncertainties required sensitivity analysis.

Four economic factors were considered in sensitivity analysis:

discount rate, inflation, oil price escalation, and escalation in fuels and/or
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Viscosity of water; cp
Density of 0il, 1by,/ft3
Density of water, 1b,/ft3

Porosity of reservoir, fraction
Porosity of combustion tube material, fraction
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cT 10. APPENDIX

" 10.1 Predictive Model Input and Output

= This appendix is composed of three sections: sample output for the
: ”f, three computer models used in this study are contained in sections 10.1.1
= 10.1.2, and 10.1.3.
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10.1.1 In-Sity Combustion Model |np\it and Output

E*, Input data requirements and sample output from the in-situ
; l- combustion predictive model of Genrich (1984) are given in the following
pages. FORTRAN source code exists in seven separate files which must be
l; compiled at one time in order for the program to run. input data is separated
. into two files, one containing the required and optional input parameters, and
N the other giving an injection rate schedule. As can be seen from the listing of
- input variables, the predictive mode! will consider very limited or very
L' extensive reservoir data.
&
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10.1.2 Polymer Flood Model Input and Output

The following pages contain output from a proprietary software

program which uses Jones' (1983) polymer flooding predictive model. Many
options for the user of this program exist, both in Jones’ original source code

and in this proprietary version.




TITLE INFJamaTION

coeensescevwaca as e

SAANNIN POLYMER FLOOD BASE CASE
13-aCE 5-57207

CASE CINTRAOLS

- - - - -

RESERVOLR CALCULATION METH0Q
PROJUSTION RAESULTS REPOAT FRAEJUENCY
CALCULATION RESULTS OUTPUT ZXTENT

RESERVIIR PROPERTIZS

PATTERIN AQEA
FORMATION DEPTM
EFPECTIVE WELLBORE RAQIUS
LAYER TISATHENT METWOO

(STATISTICAL PERMEABILITY DISTRISUTION)
DYKSTRA=-PARSONS COEFFICIENT
HIGHM PEAMZABILITY LICATION JPTION
(MISREST OERAMZASIILITY LAYER QN TOP)
THICKNESS OF RESEQIVIIR

- N -b

10.0
553.0

0.72-

0.20

76.2
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SHITCH
S4ITCH
SWITCH

ACRES
FEET
FEET
SUITCH

UNITLESS
S$4ITCH

REET

TY I e T T vy
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FLUTO PRSP SATIES AND SATURATIONS AT WEWSEIVYIIXT CONOITIONS
IMRECJCIILE WATER SATURATICW
LAYED (1) = 0.4607 FRACTION
LATER ( 2) = Q.407 F#ACTIN
LAYER ( 3) = 0.400 FACTIOV
LATER ( &) = 3.400 FACTION a
LAYEY ( S) = J.400 FaCTIIN
RESIDUAL JIL SATURATION
LATER (1) = 3.253 FRACTISCN
Lavrz ¢ 2) = 0.253° F2aCTION
. LATER ( 3) = 0.257 FRACTION
- LAYER ( 4) = .25 FRRALTIIN
LAYER ( S) = i J.25Q0 FRACTICN
OIL VvISCOSITY 10.700 C»p
WATER VISIASITY 1.3C0 (o A
QIL OINSITY $4,.200 LAS/CUFT
WATER QENSITY . 62.400 L3S/CUFEY
OIL FIRMATIIN VOLUNE ‘FRACTIR | 1.010 RS/SV)
WATER FIRMATION YILUME FACTIR - 1.000 R3/STS
CAS FIRNATION YOLUME FACTIR . 10.000 SCE/RS
DIS30LY3D GAS QIL RATIO (3r) 32.300 SCE/STS
INITIAL WATER SATURATICN 0.520 BSRaCTION
INITIAL GAS SATURATICN 0.030 EFRACTION

ROZK PROPERTIES

ceeccocvsscaccemce

.-'..-‘.-‘...‘- e et IR S SRR
ORI TERIR WAL DA R O G
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POROSITY
LAYER (1) = 0.198 FRACTION
’ LAYER ( 2) = 0.193 FRACTION
LAYER ( 3) = 0.193  FRACTION
LAYER ( 4) = 0.198 FRACTION
r LAYER ( S) = 0.19% FRACTION
PERMEABILITY
LAYER ( 1) = 773.702 KD
r LAYER ( 2) = 133.763 MO
. LAYER ( 3) = 56.288 MO
LAYER C &) = 26.125 WD
‘ LAYER ( 5) = , 7.122 w0
(THICKNESS AVERAGED PERMEASILITY) 200.000 MO
‘ CAPILLARY PRESSURE METHOD 3 SWITCH
' ' (CAPILLARY PRESSURE OEFAULT DATA USED)
CAPILLARY PRESSURE SCALING FACTOR
LAYER (1) = 2.752 UNITLESS
LAYER ( 2) = 4.534 UNITLESS
LAYER € 3) = 5.810 UNITLESS
LAYER C &) = 7.416 UNITLESS
LATER ( 5) = 10.520 UNITLESS
CAPILLARY PRESSURE EXPONENT '
LAYER (1) = 0.0010 UNITLESS
LATER ( 2) = 0.0010 UNITLESS
LAYER ( 3) = 0.0010 UNITLESS
LAYER ( &) = 0.0010 UNITLESS
LAYER ( S5) = 0.0010 UNITLESS

RELATIVE PERMEABILITY DATA

RELATIVE PERMEABILITY METHOD 2 SWITCH
CEXPINENT METHOD USED)
. LAYER ( 1)
' ENOPOINT RELATIVE PERMEABILITY TO OIL 1.0000 UNITLESS
ENDPOINT RELATIVE PERMEAIILITY TO WATER (0.2503 UNITLESS
EXPOMENT IN EQUATION FOR KRO 2.5000 uUNITLESS
EXPONENT IN EQUATION FOR KRW 1.2000 UNITL:ESS
LAYER ( 2)

ENOPOINT RELATIVE PERMEABILITY TO OIL 1.0000 UNITLESS
.| ENOPOQINT RELATIVE PERMEAGILITY TO WATER 0.2500 UNITLESS

EXPONENT IN EQUATION FOR XRO 2.5000 UNITLESS
EXPONENT IN EQUATION FOR KRW 1.2000 UNITLESS
! LAYER ( 3)

ENDPOQINT RELATIVE PERMEASILITY YO OIL 1.0000 UNITLESS
ENDPOINT RELATIVE PERMEASILITY TO WATER 0.2500 UNITLESS

‘ . EXPONENT IN EQUATION FOR KRO 2.5000 WUNITLESS
EXPONENT IN EQUATION FOR KRW 1.2000 UNITLESS
LAYER ( &)

'S EMOPOINT RELATIVE PERMEASILITY TO OIL 1.0000 UNITLESS
ENOPOINT RELATIVE PERMEABILITY TO WATER 0.2500 UNITLESS
EXPONENT IN EQUATION FOR KRO 2.5000 UNITLESS

\ EXPONENT IN EQUATION FOR KRM 1.2000 UNITLESS
LAYER ( 5)
ENDPOINT RELATIVE PERMEABILITY YO OIL 1.0000 UNITLESS

v ENOPOINT RELATIVE PERMZASILITY TO WATER 0.25G0 UNITLESS
EXPONENT IN EQUATION FOR KRO 2.5000 WUNITLESS

EXPONENT IN EQUATION PFOR KRN 1.2000 UNITLESS




#se* END OF INPUT PROCESSING www

NO WARNINGS
NQ ERRORS
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POLYMER PROIPERTY DATA
POLYMER INTRINSIC VISCOSITY COEFFICIENT 36.000 OL/GRAM
POLYMER VISCOSITY COEFFICLENT J.200 UNITLESS
MIXINS PARAMETER 1.000 FRACTION
PORE YOLUME INACCESSIBLE TO POLYMER 0.207 FRACTION
RELATIVE PERMEABILITY RZDUCTION OPTION 1 SHITCH
(RESIDUAL RESISTANCE FACTOR KNOWN)
RESIDUAL RESISTANCE FaCToOR 2.790 UNITLESS
POLYMSER ADSORPTION OPTION 1 SWITCH
(FIX3D POLYMER ADSORPTION RATE)
POLYMER "ADSORPTICN RATE 150.0 LBS/ACFT
INJECTION CONTROL DaATa
WATER CUT AT START OF POLYMER INJECTION 0.007 FRACTION
PORZ VOLUMES INJECTED PRIJR TO POLYMER 0.00 PORE vVOL
POLYMSR PORZ VOLUMES INJECTED 1.000 PORE VOL'
POLYMER INJECTED CONCENTRATION 700.0 PPM
CONCENTRATION GRAJIENT DURING INJZCTION 1 SWITCH
SHEAR RATE CALCULATION COEFFICIENT 2.002 UNITLESS
POLYMER POWER LAW EXPONENT 0.702 UNITLESS
INJECTION CONTROL METHOD 1 SWITCH
(CONSTANT PRZSSURE DROP “ETHMOD USED)
PRESSJRE JRIP FROM INJECTIR TO PRODUCSR 500.7 PSI
MAXTMUM wEll INJECTION RATE 700.7 STYB8/0/wL
WATER FRACTIONAL FLOW CUT OFF POINT 0.990 FRACTION
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SHANNCN POLYMER FLOCD B3ASE Cas:
10=-ACRE 35~-SPOT

wave SUMMARY w*»¥

PROJECT LIFE

TOTAL
TOoTAL
TOTAL
TOTAL
TOTAL
TOTAL

0IL PRODUCED

548 PRQOUCZD

PORE VOLUMES OF WATER INJECTED
JATER INJECTED

JATER PRJIDUCED

POLYMER INJECTED

MAXIMUYW JIL PROOUCTION RATE
MAXIMUM GAS PRODUCTION RATE
MAXIMUY WJATER INJECTION RATE
MAXIWUY WATER PRODUCTION RATE
MAXIMUM POLYMER INJECTION RATE

21.7
233.429
7.79N
0.919
1073.017
802.231
263171.610

235.5
9.1
313.9
186.3
77.0

YEARS
MST3
MMSCF
PORE YOL
MsT3
usSTS

L8S

sST&/0
MSCF/0
sTB/D
STB/0
L3s/0
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10.2.1 In-Situ Combustion Spreadsheet Model

The following pages contain f ive spreadsheets which were used in
the evaluation of economics for in-situ combustion in the Shannon formatic .
at NPR-3.

Capital costs were computed as shown on the "EOR Capital Costs
Estimation Worksheet”. The number of injection and of production wells were
specified and the "Injection Well Drilling Cost” and "Production Well Drilling
Cost™ were automatically read from the "Drilling and Completion Costs”
spreadsheet. “iInjection Well Cost” and "Production Well Cost” used in the
capital costs calculation were then found by multiplying the number of each
type of well by the respective drilling cost. Other capital costs were simply

entered into the spreadsheet and summed to arrive at the "Total Capital Cost".

"‘For the 10-acre base case, it was assumed that two patterns could
be served by one air compressor costing $240,000, housed in a building
costing $30,000. Therefore, the "per Unit Area” cost for these items was
taken as §$120,000 and $15,000, respectively, for these items. Additionally, a
$100,000capital expense for steam pre-heating the reservoir and soaking the
wellbore with linseed oil, in each injector, was assumed to be neceésarg.
Also assumed as capital expenses were gas-monitoring equipment, quench
water systems, ignition equipment, and safety equipment. For the base case
of four 2.5-acre patterns, the aforementioned costs were multiplied by a

factor of 4 It was also assumed that the equivalent of one existing

production well per 10acres would require a $40,000 workover.
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10.2 Economic Analysis Model Input and Output

Economic analyses were performed using Microsoft® Muitipian® on
a2n Apple® Macintosh™. An example set of spreadsheets for each process is
presented herein. in-situ combustion predictions are contained in section
10.2.1, section 10.2.2 has analyses for polgmer flooding, and steamflooding
analyses are shown in section 10.2.3.

For each EOR process investigated, five spreadsheets were
composed:
e Capital Costs
o Drilling Costs (Sub-Set of Capital Costs)
e Operating Costs
. ® Gross Revenues
e Discounted Cash Flow Analysis
Since limited data were available, the spreadsheets are relatively simple.
However, the drilling costs spreadsheet lists data from wells drilled in 1984,
and is a small example of the detail to which these tools may be extended.
Additionally, each of the spreadsheets were linked together so that a change
in one parameter would be reflected in other calculations. For example, if the
days for drilling an injection well were to increase from two to three, one
would merely enter "3" in the appropriate cell in the drilling costs
spreadsheet, and the net present value in the DCF analysis spreadsheet would
change appropriately. A brief discussion of certain formulas and assumptions

accompanies each section.
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2¢ 1926.0% 0C.09  91300C,0 1T767Ce1® 32222012 378.77 437.73 + 7684
21 1%17.3¢ $0%.0° 93363040 «1767¢+0®  L3IIBIEe12 37618 437.3% * 7689
22 2008.6" S0C.C7 183830%.0 «1767Ce3®  ,3Sa8fe12 37308 436035 «7690
I 2099.9¢ 104993C.0 +1766€48% L IT06Ie12 370.80 035,50 7691
107368040 1768%00% 3867412 368.9¢ 434,91 27691
* 118122049 | <1768€¢0%  ,4029C+12 365.22 __836e16 ____ 47692 o
26 2373.82 SOC.C7  1136900.C «1768500%  L41%0fe12 362.26 433437 7693
27 2468.10 SET.00 12329570 1768540  L4381£e12 35%.13 832.52 e 7694
28 2%%6.a¢ SEC.0C 127%20C.C 17682408  ,.4813fe12 38908 431.66 7694
20 267,77 S00.C7 13238%C.0 17685409  L06TaZet2 352.09 430.71 7698 _
3f 2739.0° S0C.C0 135280%.0 «1768Te%% 08341 e12 348,49 429.68 7696
31 2830.3° 302.20 161513¢.0 17682499 L0997 412 IS 028.28 LTSS
32 2921467 300.C0 16450802.0 «17685+0%  oS139%012 337.51 426.5% 7897
33 3012.9¢ 302.CC 15154%C.0 «1769Te00  ,9320fe12 329.7s 024,29 o767 N
38 3104.2¢ 90C.60 133210040 «1769509%  ,S8828.12 316439 420,80 + 75698
3% 318,80 SDILLO 187773040  _<17695e0% 36430612 283e36  397.03  _G76%8
36 320607 802400 1683402.0 «1769T0)®  ,580STe12 130.37 3ea.17 . 7699
37 3378,.1¢ S0Z.C0 369203C.0 o169 09 L, 3966E 012 1340.08 304017 _ o768
3E JegY.aC S0C.0" 17347C%.0 17697209  L6123Ze12 130.38 Jee.17 7708
3% 3%60.7° $€2.30 1733330.0 17695009  ,6209Ce12 130.08 304,17 «T708 _
ac 3632.0¢ S00.CO  182680°.0 o1763Ce2% L 64%1E¢12 13%.08 3e4.t? . 7701
) STEAM FLOOD PATTERN PROOUCTION PESORY - o
1313 TTUR. OIL MATEY  CUM. VATER MYDIOZATRON CUR. NeCo CUM. QIL/ BN P00,
TIE peTe PIOOUCT TON RATE PROCUCTION 643 RATE  GAS PRO0. STIAM RATIO PRESSUSE ,
eoee conn srccceccan coen ceccamaces eeaccons
toavey 8701 [T 8] (8/0) eLy C(NSCF 70 enscFy T EvoL/voL) T (PelAd
1 1. 81.07 74c2.1 199.22 18189.1 7.320 668,32 «1821 70.80
2 122.6% 15%.31 21978 ,0 78,36 $1389.3 8,072 1131,43 «23%¢ 79.00
! 273,90 133.90 30062.% 493,70 106664.2 0272 1521.48 2007 70.00
s 363.2° 120,33 V3088,7 S0C.37 13234749 3.8%1 1873.01 2067 70.00
3 e%6.9%0 112.88 3317146 S04.63 19642048 YY) 2196, 9 207 70.00
¢ Sst.0C 10364 $9634.2 307.3% 20473648 Se3117 2099.7¢ +2360 r8.00
7 €3%1C 98,28 7362607 309,19 291247.a Je1e8 2786.86 2303 | 19.00
130,40 93,81 9213%.2 S10.7  337ee2.7 2,989 3039.7% 2249 70,00
* . «.CT 3039504 S11.2¢  384338.7 2.382 3322.%2 . 2190 79.00
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MUID PRCPERTIES

cssevsccranwanas

AIL GPAVITY .. «PESe  §/%
84S GPaVITY 8009 Al®31.2
JIL visCosIvYy 18.37

SOLUTION €Af OTL 28710 vovcevacncaconscs 32.0% SCP/s*e
FIOPEIRTY TaASLE

D 3 L]

- . CSTINATED TERFENATVIE o OEGeF .. ....65.00 .. 6300 _  2€¢S.en . 3.9 . —_—
9.09 9. 0% % 37

18332 12332 2110 «857

888 VISCOSITY ¢ CF ceeee <0102 3102 «0102 <21 8%

OIL DENIITY oL B/CUT cnee $3.92 33. 92 49.% 05,28

WATER DENSI®Y , LE/UFT 62.29 2.2 36. 66 S1.03

$8¢ DENSITY 4 LA/CUFY .0 2879 *287e «2879 Lel3%

RESTIDUAL OIL SATyPaATION TO e . «2300 «28%0 « 2300 «2509

ACSTDUAL OIL SSTURATION TO €4S ,... <4000 <4000 «0083 «06217

AESIDUAL ¥ATERY SATUIATISN cevcee .o «4109 e8l00 «3090 <5800

RWLIOVAL €AY SATURA ION ceecccccssssace [] [} 9 L)

STLAR CONDITIONS

e sertercoanann e

STEAR TEMPEPATUIL wieevvccccsncaccsnsos 466.3 DES.F

STEAR PRESSURE woee 300.0 PS1IA

LATENT MEATY ceee 764,08 BTU/LE

4EAT INJECTION 2aTE 1723310880, BTU/DAY

RETE INYECTION SATE ceecee ae 173260. LA/DAY

STEAR SATURATTION IN ZON? & covecccevecs *40868 PFRACTION

MELL INFCRPATIDN
crnconstcecnnane
WELL OEY M ,.e0e

SUPFACE TEMPEPATY?E ceeene . 0.0 0Ofs *
GUTER PADIUS OF INSJLATION - «130 rFEET
QUTER RapIys OF TUBING ... .o «120 rFEELY
OUTZR PADTIUS OF CATING secccccrcococans 0229 FLET
VAOIUS °OF INJECTOR (OUTZIX %AD1IUS OF

CEMERT ING) cocsccvsves
FCIUS oF PPOOUCER

. «328 PLE”
- 328 PEET

TIPE STE® SCMEOULL ¢ 1)

cecmcmcccnmmcances

FIPE SINCE STA®T OF INJICTION seceecece  120.080 NONTHS .
OLBUG PPINT CONTPOL caveccscascossoce oo e

CAST CONDITIONS
cosesmecrannens

00TTOR WOLE INJECTIIN P1ESS30¢ . ecnes se8.0 Psma
. 30TTON »OLE PRODUCTICN 3@ ESSURE , . 70.0 PSIA

INJECTICN RATE secccconsccecscasse 908.0 B/0DLCVUT)
SURPACE STCAM QusLIvY «2000
SXIN FACTOR OF TNJECTOR 1 ]
SKIN FACTOR OF SPOQUCER ,, 30

STEAP PLODO PATTERN INJECTION SEPARY

InJECT T ON cun, MEAT Ind. Cunm, ELIRL P I (L] N STCan
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e STEZARM FLOOD PREOLSTIVE MOREL .
. .
*ooecOOGO GRS POPCLOER IO OO NOONARONOIRNROS

77 SHANNON STEASFLOOD PPEDISTION = 10-ACRE 'SeSpoT BASE CASE

CAST COmTROLS

ecsssccccsssa

WELL CONSTRAINT CON"ROL sccccccnccscoce 2 (WCON
INCEN =2 0 ¢ CONITANT INJe PATE
. 21 2 CONSTANT INJe POESSURE
% 2 T CONJTANTCAVERAGE) IMJ. PUALSIURE
AND CONSTANTCAVERAGE) INJ. WATE
RESIOUAL SATURATTION CONTROL ceenccasens 1 IRSAT .
IRSAT = <1 T ALL UESIDUAL SATURSTIONS ASE DEFAULT
= 0 : SWAC1) NESD TO BE INPUY
% 1 2 SWI).30RUCI)IAND SO6GLL) NEZD TO BE InMyY
B 2 2 SU1).ICPUCLISOIGI1)+AND SO°GEa) NESD TO SE
2 3 2 SWC1)eSURCIIeSURIA) 9SOPUIL) oSONGLLD o SORUCIN

PORPATION PROPEPTIL®

eyt
AND SORG(4) NEED TO BC INPUT

TOTAL PATTE®N A2ES veevccencccocssannes 108.00 ACeCE - e e e et —
INITIAL YEPPERATYUPE . 6%5.0 DEG.F

L TORPATION €POSS TNICTKNZISS . 9.0 PFEEY - —— . — v———— — — —
PORMATICN NET THICKYESS (P T6.0 PIEY
FOPRATICN PEPNEABILITY . . 208.80 ™0 . - e e -
CORPATICN POPOSITY ..e #1930 FRACTION
_ROCK DENSITY AT STEAR TINP oo 165.00 LB/CUF" e e e e ———— .
ROCK MEAT CAPACITY coeevscen - 02180 OTU/LB F

—_0CK THEPASL CONQUCTIVIIY .ceces ee 39,8000 BTU/OAY=F=FY e s -
L. PEPM, YO VATER 3T S0P ,oeee oo «2508
REL, PEPM, YO OIL AF SCd ccccees .. 1.8000 N = ——
ALL. PEPN, TO GAS AF SO° 1.880¢
EAPONENT FOP KPW IN OIL-VATER £0N oved@0® o -
IXPONENT PO® KPE IN OLL-WATER ZON . J.0000

_.LXPONENTY FOP KPCU IV QIL-WATER IOn .. Je2000 _  __ . .. . - e e
CRPONENT PFOP KXPCE IN GA3-0IL EON cccces 28090
INITIAL CONOITIONS
evsssccncanccasans _ . e — —_— =
INITIAL OIL SATURATTION «4508 FRACTION

e IMITIAL VATER SATURSTIO L. .o.e3200 _FRaCTON o e

INITIAL €4S SATURATION «8308 PFRACTION
5L OENSTITY AT STLAw *T 982337 LB/CULFT - e _— e e .
WATER OENSTI®Y AT STIam TN 31,0253 L9/CU.FY
JIL MEAT CAPACITY cvececvasese «35483 OTU/ B * - - -
WATIR NCAT CAPACI™Y oee 1.058¢ 8TU/LS *
IRITIAL OIL VYISCOSI®Y ceccccces %1 ¢ . - - o e
OIL YISCOSI®Y AT STEAR TINP ,eeveccaces «372 Cr
INITIAL OIL IN ®LACY cecneccccocece S120%7, %8AL
INITIAL WATER IN PLACE cecccccoscccccce 391737, N36BL
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Steem Floog Predictive Mogel [Arima (1984)jInput Date

R1 TITLE =
R2: IWCON = well Constraint ingex (0,1,2)
IRSAT s Resrdus) Seturation Controi index (0, 1,2 3)
R3: TF = Imtial Reservoir Tempersture, °F
PF - Initisl Reservorr Pressure, psie
MN L] Net Thickness, 1t
MT ] Gross Thickness, 1t
PERM . Per meability, md
POR = Porasity, frection
Swi = Initig} Water Sstyration, fraction
SG! = Initial Gas Seturation, frection
FCON = Formation Thermal Conductivity, Btu/D ft °F
PATN - S-Spot Psttern Aree, ecres
ALP = Dip Angle of Reservoir, radiens
R4 GAMO = Specific Gravity of il (weter = 1.0)
GAMG = Specific Gravity of Ges (Air = 1.0)
YisQ1 = 0il Yiscosity at Surface Temperature, ¢p
RSOL = Solution Gas/0il Ratio, scf/std
RS SWRI = Residusl Water Seturation, Cold Zones 1&2
SWR3 s Residual water Seturation, Condensate Zone 3
SWR4 - [ Residusi Water Saturstion, Stesm Zone 4
SORW 1 = il Residusl 0il to weter, Cold Zones 142
SORW3 = il Residual Oi1 to water, Condensate Zone 3
SORG1 - 5l Residual 01l to Ges, Cold Zones 142
SORG4 » it _Residual 0il to Gas, Steam Zone 4
R6. DAYR = ™ TTme Step Size, days
R7. RKWRO = it Relative Permeability to Water at Sor
RKOCW = 4l Relative Permesbility to Of) ot Scw
_ RKGRO = ) Relative Permeability to Ges at Sor
- W - Bl Exponent for Relstive Permeability to Weter
"6 = k1 Exponent for Relstive Permeadility to Gas
ow - i§ Exponent for Reletive Permesbility to 0il
06 = ] Exponent for Relative Permeability to Steam
RO. DLPTH = Bl Depth to Formation Top, ft
TSURF = Kl  Mesn Annusi Surface Tempersture, *f
RINS * = I Outer Radiys of Tudbing Insulation, 1t
RTO - Outer Rodius of Injection Tubing, ft
RCO = Outer Redius of injection Well Casing, ft
RINJ - Quter Redius of Cement Sheath, Injector, 1t
RPRO - Inner Redius of Production String, ft
R9. THAX = Number of Time Steps Used
IPRINT = Dedug Print Control Index
R10-PINJ = Bottom Hole Steam injection Pressure, psis
PPRO = Bottom Mole Production Pressure, psia
RATING = Steam Injection Rate, BCWEPD
x ] Surface Injection Steam Quality, wgt fraction
SHOT = injection well Skin Factor
SCOLD - Production Well Skin Fector
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10.1.3 Steamflood Model input and Output
Sample output for the steam flood predictive model given by

Arima(1984) is contained in the following pages. Additionally provided is an
input data template used in the course of this study which describes the input
variables for the model as listed in the FORTRAN source code. As with the
two other models discussed, Arima provides various user options which are
well-documented in the output as show herein. Figure 10.1is provided for

clarification of the variables used in wellbore heat loss calculations.

Insulstion E’ﬁ rment Shesth

Casing

RSHTH —————!

Eig. 101, A diagram which illustrates the wellbore heat loss
variables required in the steamflood predictive model given by
Arima (1984).
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INJECTION SUMMARY

INJECTION RATES CUMULATIVE INJECTION PY INJECTED

TIME WATER  POLYMER WATER POLYMER WATER
- - YEAR/QTR  STB/D  LBS/DAY MST3 L8s
- 127 1 115, 28, 737.3 180947, D.632
- 127 2 113. 28. 743.1 183432, 0.6l
. 127 3 112. 27. 758.3 185992, 0.650
= - 127 4 111, 27. 763.5 188476, 0.058
137 110, 27. 778.5 190937. 0.067
, - 13/ 2 - 109. 27. 788.4 19337s. 0.675
e 13/ 3 103. 26, 793.3 195739, 0.684
N 13/ » 107. 26. 803.9 193134, 0.692
: . 167 1 10s. 26. 317.7 200560. . 0.700
147 2 10s. 26. 327.3 202917. 0.709
. 14/ 3 104. 26. 835.9 205253. 0.717
- . 147 & 105. 2s. 845.3 207555, 0.725
ol 157 1 102. 25. 855.5 20985S. 0.733
- 157 2 101. 2s. 86%.9 212126, 0.741
- 157 3 101. 2s. 874.1 214379, 0.749
’ 157 & 100. 2. 823.2 215¢14. 0.757
167 1 99. 24, 892,2 2138828, 0.764
. 167 2 98. 24, 901.2 221027. 0.772
167 3 98, 24. 910.1 223213, 0.7%0
. 16/ & 97. 2. 718.9 225233, 0.7%7
" 177 1 95. 24, 927.7 227536. 0.795
l - 12/ 2 96. 3. 936.4 229675. 0.802
. 177 3 9s. 23. 945.1 231602. 0.810
17/ & 94. 23. 953.7 233913. 0.317
s - 187 1 93. 23. 962.2 236004 0.824
-l 187 °2 93, 22. 973.7 238083. 0.332
Ky 187 3 92. 23. 979.1 240148. 0.839
- - 18/ & 91. 22. 987.5 242195, 0.846
197 1 91. 22. 995.3 2646229, 0.853
|! 197 2 9. 22. 1004.9 246252, 0.850
- “ 197 3 90. 22. 1912.2 248261, 0.867
g 197 & 89. 22. 1023.¢6 250256. 0.874
20/ 1 89, 22. 1028.5 252242, 0.881
. - 207 2 83, 22. 1036.5 254218, 0.383
O 20/ 3 83. 21. 104445 256179. 0.595
- 207 ¢ 87. 21. 1052.5 258132, 0.902
: < 217 1 87. 21. 1062.4 26007s. 0.908
217 2 8s. 21. 1063.3 262002. 0.915
- -
S -
o
\.'A
-
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INJSCTION SuyMwARY

’:" - -

o
S
. INJECTION RATES CUMULATIVE INJSCTION PV INJECTED
e TIME WATER  POLYMER WATEQ POLYNER WATER
N YEAR/QTR  STB/D  LBS/DAY MSTS LBsS
- ) o/ 1 55. 14. 5.0 1234. 0.004
y"'. 0/ 2 55' 1“- 10-1 2‘57- °n009
e 07 3 52. 13. 1643 3638, 0.013
0r & 52. 13. 19.6 4798, 0.017
v 17 1 153. 39. 34.0 8327. 0.029
= 17 2 309. 76. 62.2 15244. 0.053
Lo 17 3 295. 72. . 8941 21846. 0.076
b LYANS 282. 69. 1168 28167, 0.078 .
27 1 273. 67. 139.83 36237, 0.120
o 27 2 263. 85, 163.8 «0178. 0.140
|- 27 3 253. 62. 186.9 45831, 0.160
f[‘ 2/ & 2hbe 00. 207.1 512%. . Q179
- 371 237. 58, 232.8 56697. 0.193
37 2 231, 57. 251.9 617380, 0.216
P 3/ 3 224. SS. 272.3 66736. 0.233
[ 3/ 4 216. 53. 292.G 71611. 0.250
Gl & 1 208. 51. 313.9 76261, 0.266
41 2 202. sQ, 32%.4 80778. 0.282
. 4“r 3 195. %8, 347.2 85148, 0.297
!. o b 192, 47, 304.5 294622, 0.312
A s/ 1 186. 45, 381.3 93511, 0.327
- s/ 2 179. 4b, 397.46 97536. 0.341
5/ 3 173. 43. 413.4 101348. G.354
is 5/ o 169. o1, 423.% 105170. 0.367
[g- 6/ 1 16S. 61, 443.9 108873, 0.580
. &7 2 162. 40. 458.7 112521, 0.393
- 6/ 3 159. 39. 473.2 116048. 0.40S
&l & 155. e, 487.3 119525. 0.417
» 71 1 152, 57. 501.2 122929. 0.429
o 77 2 149. 37. 514.9 12625S. 040t
- 773 145, 36, $28.2 129538. 0.452
77 4 14b, 3s., 541.3 132753. 0.664
8/ 1 141, 3s. 554.2 135913, G475
e 8/ 2 139. 34. 565.3 137024, 0.436
L 8/ 3 137, Sh. 5774 142095. 0.496
o 87 & 135. 33, 591.7 145121, 0.507
97 1 133. 33. 603.% 148101. 0.517
.. 91 2 131, 32. 615.3 151035. 0.527
o 97 3 129. 32, §27.5 153926. 0.538
N 97 & 127. 31. 639.2 15677S. 0.548
107 1 126. 31. 650.7 159587. 0.557
10/ 2 124. 30. 662.0 162364, 0.567
o 10/ 3 123. 30. 673.2 165108. 0.577
N 107 & 121, 30. 684.3 167822, 0.586
‘€8 117 1 120. 29. 695.2 1705n8. 0.596
117 2 119, 29. 706.9 173164, 0.405
.. 117 3 117, 29. 716.7 175739, 0.614
!"‘_ 11’ ' ‘16. 28, 727.3 17!3!2. 00623

YO A,
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) - PRODUCTION SUMMARY

Kwe==  CUMULATIVE PRODUCTIIN ==>

- " T1sE oIL GAS WATER
' YEAR/QTR nsSTa MMSCF MSTB
S : 127 1 227.7 7.6 472,83
127 2 223.9 7.6 482.8
: 127 3 22%.2 7.6 492.3
- 127 & 223.5 7.5 502.7
137 1 228.7 7.6 $12.5
‘- . 137 2 222.9 7.6 522.2
S Sy 13/ 3 229.1 7.7 531.8
R 137 % 229.4 7.7 541.4
X , 147 1 22,8 7.7 55).9
X 147 2 227.3 7.7 560.3
D 147 3 233.0 7.7 569.6
r . 147 « 233.1 7.7 $73.9
15/ 1 230.3 7.7 588.9
157 2 230.5 7.7 597.1
: 157 3 230.7 7.7 60541
) 15/ & 230.3 7.7 615.9
o 167 1 231.0 7.7 523.9
: 167 2 231.1 7.7 632.7
16/ 3 231.3 7.7 641.5
16/ & 2310‘0 7.7 05102
. , 177 1 231.5 7.7 55%.8
- 177 2 231.7 7.7 667.4
177 3 231.8 7.7 675.9
i 17/ & 232.9 7.7 686,46
1871 232.1 7.7 492,38
- 187 2 232.2 . 7.3 701.2
. w 18/ 3 232.3 7.3 709.5
187 & 232.5 7.3 717.7
= 197 1 232.5 7.3 725.9
197 2 232.7 7.8 734.9
. " 197 3 232.3 7.8 742.1
197 ¢ 232.9 7.8 759.1
, 207 1 233.9 7.8 758.1 ,
S 20/ 2 233.1 7.8 765.1
20/ 3 213.1 7.3 774.0
) 20/ @ 233.2 7.8 781.9
217 1 235.3 7.3 787.7
. 217 2 253.4 7.3 797.5
-
le
A
'!
-
\I
‘&

T

.

———
-« v e
(]

.
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PROODUCTICN SUMMARY

C=== CUMULATIVE PRICUCTION ==>

-}." TIME orL GAS MATER
o YEAR/QTR nSTS NMSCF usT8
Lot
or 1 0.2 0.1 9.0
Y 0/ 2 0.0 0.1 0.0
:‘ 0/ 3 0.0 0.1 0.9
07 & 9.9 2.2 0.9
171 1.6 0.4 0.0
17 2 27.3 1.2 0.0
f 17 3 $1.3 2.0 1.8
17 & 75.2 2.7 1.8
27 1 97.9 3.5 5.9
. 27 2 119.3 4.2 7.8 .
{ 273 140.7 4.3 2.7
t 27 & 161.2) 5.3 11.5
i 3/ 1 180-5 001 1307
37 2 195.0 6.6 2942
- 3/ 3 200.0 6.7 35.3
r 3/ 4 203.7 0.3 51.2
Led 41 1 207.1 6.9 66.7
47 2 209.2 7.2 83.0
47 3 2190.3 7.1 93.2
b Y 212.3 7.1 115.1
i 57 1 213.5 7.2 133.6
s71 2 214.5 7.2 143.9
5/ 3 215.5 7.2 169.7
.. 5[4 215.0 7.2 17502
t.:_ 6/ 1 217.2 7.3 189.5
I 6/ 2 217.9 7.3 . 203.5
6/ 3 218.5 7.3 217.3
6/ « 219-2 7.3 230-9
- 77 1 219.8% Tew 26442
e A 22044 T4 257.2
- 77 3 220.9 7.4 27%.0
77 4 221.5 7.4 282.56
_ 8/ 1 221.9 y 295.0
- 8/ 2 222.4 7.6 307.2
8/ 3 222.9 7.5 319.2
) 8/ & 223-3 7-5 331-1
97 1 223.7 7.5 342.9
97 2 22441 7.5 354. 4
97 3 22445 7.5 365.8
Iy 9 « 224497 7.5 377.1
107 1 225.2 7.5 383.2
107 2 225.4 7.5 399.1
107 3 225.9 7.5 410.0
\ 107 « 226.2 76 420.7
o 117 1 226.6 7.5 e31.6
117 2 226.9 7.6 441.9
. 17 3 227.1 7.5 452.3
{ :‘- 11’ 4, 22705 7.6 ~620°

a v

R
sy

v

o~ ..;’w' “» ‘-',.‘:.?‘-"“v)’p “» -[“‘h‘..“*“‘.
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: PROOUCTIEN SUWMARY

1 L.".

Ll PRODUCING RATES -—>
- TIve oIL GAS WATER GOR woR

: ’ YEAR/QTR STB/0  4SCF/D ST8/D MSCF/STS  ST3/ST8

b .

b 12/ 1 3, 0. 112. 0.03 37.75
127 2 3. 0. 110. 0.03 38.67
12/ 3 3. 0. 109. 0.03 39.61
- 12/ 4 3. 0. 108. 0.03 4G.57

137 1 3. 0. 107. 0.03 41.50
- 137 2 2. 0. 106. 0.0% 42.60
.-l'_ 137 3 2. Ou 105. OQ°3 ‘3-75
o 13/ & 2. 0. 195. 0.03 46.78
- 147 1 2. . G. 104, 0.03 - 45.84
14/ 2 2. 0. 103. 0.03 46.93
£ 147 8 2. 0. 102. 0.03 48.06
i 1%/ 4 2. 0. 101. 0.03 49.38
" 15/ 1 2. G. 10G. 0.03 °  50.09
15/ 2 2. 0. 10C. 0.03 51.82
15/ 3 2. 0. 99. : 0.03 52.96
b, 15/ & 2. 0. 98. 0.03 54.31
[ 16/ 1 2. Q. 97. 0.03 55.7%
167 2 2. 0. 97. 0.03 56.97
167 3 2. 0. 96. 0.03 58.24
I3 167 2. 0. 5. 0.03 59.67
e 17/ 1 2. 0- 95. 0003 61-53
. 177 2 1. o. 9. 0.03 62.91
177 3 1. 0. 9% 0.G3 66033
] 17/ & 1. 0. 9z, 0.03 66.08
- 18/ 1 1. 0. 92. 0.03 68.15
187 2 1. 0. 92. 0.03 69.33
- 187 3 1. 0. 9. 0.03 70.49
187 % 1. 0. 90. 0.03 72.59
197 1 1. 0. 90. 0.03 74.20
jm 197 2 1. 0. 29. 0.0  75.71
" 197 3 1. a. 's9. 0.03 77.97
- 19/ & 1. 0. se. 0.03 80.96
20/ 1 1. Q. ss. 0.03 83.28
. 20/ 2 1. 0. 87. 0.03 86.41 :
20/ 3 1. 0. 87. 0.03 90.99
. 207 4 1. 0. 86, 0.03 96.14
217 1 1. 0. s6. 0.03 98.15
217 2 1.

a. 85. 0.03 106.046
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- Comnm PRIDUCING RATES -3
! te R TIME oIL GAS WATER GOR WOoR
YEAR/QTR STE/D MSCE/D STB/D MSCE/ST3  STS/ST3
_ ‘
’ YR 0. 1. 0. reewvens 0.00
oy 6/ 2 0. 1. o. rorenane 0.00
L Qe/ 3 0. 1. Oe sAREROESS 0.00
07 ¢ 0. . 1. Q. 22222227 0.00
. _ 17 1 18. 2. °. 0.11 0.00
N 17 2 241. 9. 0. 0.05 0.00
- 17 3 268. 9. 19. ©0.03 0.07
17 & 257. 8. 22, 0.03 0.09
27 1 249. &. 22. 0.03 0.09
- 21 2 239. 8. 21. 0.03 0.09
E 273 230. 7. 1. 0.03 0.09
371 211. 7. 2. 0.0% 0.11
372 101. 5. 59, 0.03 0.43
- 3/ 3 s5. 2. 168. 0.03 3.03
3/ 4 41. 1. 174. 0.03 426
& 1 37. 1. 17¢C. 0.03 4.59
41 2 23. 1. 179. 0.03 7.79
41 3 18. 1. 177. 0.02 9.86
%. ol & 16. 0. 174+ 0.03 11.16
- 5/ 1 13, 0. 170. 0.03 12.75
5/ 2 12. 0. 157, 0.03 14,06
5/ 3 1. 0. 153, 0.0 15.50
Y 51 4 9. c. 159. 0.03 16.89
1 6/ 1 9. 0. 157. 0.03 17.98
+ 6/ 2 8. . 154, 0.03 19.14
6/ 3 7. 0. 151. 0.03 20.34
6/ & 7. o. 142, 6.03 21.33
L 77 1 7. 0. 145, 0.03 22.22
~ 77 2 6. 0. 143. 0.03 22.06
- 773 6. 0. 14C. 0.03 23.82
77 & 6. 0. 158, 0.0 26.53
- 8/ 1 5. G. 136, 0.03 25.22
W 87 2 s. 0. 134, 0.03 25.91
" 8/ 3 5. 0. 132. 0.03 26.59
8/ & 5. 0. 130. 0.03 27.29
9/ 1 5. 0. 129. 0.03 27.99
97 2 P 0. 127. 0.03 28.72
9/ 3 4. 0. 128 0.03 29.4S
L. 9 & 4. 0. 123. 0.03 30.18
10/ 1 4. 0. 122. 0.03 30.96
. 10/ 2 4. 0. 120. 0.03 31.74
10/ 3 4o 0. 119. 0.03 32.52
" 107 & 4. 0. 118. 0.03 33.12
. 117 1 3. 0. 117. 0.03 34.12
17 2 3. 0. 115. 0.03 35.02
(o 117 3 3. 0. 114. 0.03 35.95
Do N 17 & 3. 0. 113. 0.03 36.83
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As shown on the "Gross Revenues Worksheet®, gross revenue in each

year was calculated by multiplying predicted production by the oil price. A
Year O oil price was specified, and Eq. 7.5 applied to estimate oil prices in

future years, based on assumed inflation and oil price escalation.

Annual operating costs were calculated as the sum of air
compressor electricity cost, maintenance costs, labor costs, and engineering
costs. Maintenance and labor costs were specified in Year O and found for

subsequent years by applging Eq. 7.5. Engineering costs were entered for each
year.

Electricity costs were calculated by muitiplying the annual
electricity requirement in kilowatt-hours by the cost of electricity. The Year
0 electf’icitg price was specified and Eq. 7.5 applied for later years. The

electricity requirement was found as follows:

(Avg. Inj. Rate, MCFD/1000X365)(24)XBHP/MMSCF X(0.746 KW/BHP)........... 10.1

where the BHP/MMSCF is taken from White and Moss (1983).
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EOR PROJECT DISCOUNTED CASH FLOW ANALYSIS WORKSHEET

EXPECTED AVERAGE ANNUAL T-BILL RATE:
EXPECTED AVERAGE ANNUAL INFLATION RATE:

NET PRESENT VALUE =

NFY @ TRUE OR =

NFV @ 0X =

GROWTH ROR @ TRUE DRe

GROWTH ROR @ 0% DR=

OCF ROR =
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Gross Revenues Worksheet: EORProcess Premctlons
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EOR PROJECT OPERATING COSTS WORKSHEET: IN-S ITU COMBUSTION
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341057.07 :

$10000.00

) ($141235.20)
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10.2.2 Polymer Flooding Spreadsheet Model

The following pages contain five spreadsheets which were used in
the evaluation of economics for polymer flooding in the Shannon formation at
NPR-3.

Capita) costs were taken as the sum of thue costs listed on the "EOR
Project Capital Costs Estimation ‘Yorksheet”. Costs for new wells were found
as explained in Section 10.2.1, and equipment and building costs were also
"shared” as explained earlier. For this process, it was assumed that one
$100,000 polymer mixing plant would serve 10 injection wells, for a per
pattern cost of $10,000. It was also assumed that buildings costs would

amount to $10,000per pattern.

Gross revenues were calculated just as in Section 10.2.1. Operating
costs wére taken as the sum of maintenance, labor, engineering, and injected
polymer costs. These costs were found in the same manner as was used in
Section 10.2.1, with the exception of polymer costs. Polymer costs were

calculated by multiplying predicted injection, in 1b/yr, by the cost of polymer,

in $/1b. A specified Year O polymer cost was adjusted for later years by Eq.
75.




PROJECT LIFE IN YEARS:

CASH FLOW COMPONENTS:

$190004.16 . ($10421.64)

L 8870623.91 |
85943060 1
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Gross Revenues Worksheet - EOR PROCESS EVALUATION

Specn‘y Presont Qil Pr\ce (Year O):
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1 | 2 ] 3 [ 4 I 5 [ 6
Gross Rwenuos worksheet - EOR PROCESS EVALUATION : :

Revenue

Year:
0il Price:
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7 ] s | 9 |

- 10 | Y

Drilling & Completlon Costs for: STEAMFLOQD

Ok v jn]|a i IN]—-

.
-—
~

38 |Flowlines

o 40 {Test Facmms (1/9 per wcn)

39 [Electrification Including "°‘°"

$3000.00 :

$1500.00 °
$0.00
$0.00

: $23180.00
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EOR PROJECT DISCOUNTED CASH FLOW ANALYSIS WORKSHEET

EOR PROCESS AND CASE INFORHATION- STEAM FLOOD

EXPECTED AVERAGE ANNUAL T-BILL RATE:

(:715.73)5

FV @ TRUE DR : (3676.74):

DCF @ Trus DR : (3408.49):

NET PRESENT VALUE =

e NV QTRUEDR 2 e ) $4860519.42

....... NPV @OZ s rmneenieennn, $9481222:29

....... GROWTHROR @ TRUE DR : oo,

....... GROWTHROR @ OXDR= . .o

....... BCEROR S o eceeccicrinensnmenmmannesennssmnnsnenbonsnnerees SORESTRL e
PRESENT VALUE RATIO = 12.26 sas
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tﬁ values were found from steam tables given by Prats (1982), and converted
from BTU/1b,, to BTU/bbI by multiplying by the factor of (350 1bg,/bbl) of
{ water. The heating value of gas was taken to be 1.04 MMBTU/MCF in these
‘,_ calculations. Finally, the generator efficiency is expressed as a fraction and

was taken to be 0.85 for all calculations.
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10.2.3 Steamflood Spreadsheet Model

The following pages contain five spreadsheets which were used in
the evaluation of economics for steamficoding in the Shannon formation at
NPR-3.

Capital costs were computed in the same manner as was given in
Section 10.2.1,and some costs were again assumed to be "shared” among well
patterns. These capital costs included one 50 MMBTU/HR steam generator to
serve 5.5 injection wells which would cost $340,000, for a per pattern cost
of $60,000. Costs for buildings, water line costs, and water softening
equipment and pump costs were taken to be $15,000, $20,000, and $27,000,
respectively, per pattern. Gross revenues were calculated as in Section 10.2.1
and 10.2.2.

Operating costs were calculated as the sum of costs for steam
generation, water treatment and pumping, sailt and chemicals, labor, and
engineering. Except for steam generation costs, these costs were calculated
from a Year O cost, adjusted for inflation and escalation by Eq. 7.5. Steam

generation costs were taken to be-

(Avg. Inj. Rate, BSPDX36S)XMMBTU/bbi)Fuel Cost, $/MCF) -
(Heating Value of Fuel, MMBTU/MCF)/(Generator Efficiency, fraction) ... 10.2

in Eq. 10.2, MMBTU/DbbI is the enthalpy difference between feedwater at 14.7
psia and 63°F, and 80% quality saturated steam at 500 psia. These enthalpy
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